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ABSTRACT OF THE DISSERTATION
C. elegans Response to Cadmium Toxicity
by
Brian James Earley
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Genetics and Genomics
Washington University in St. Louis, 2021
Professor Kerry Kornfeld, Chair
Cadmium is an environmental pollutant and significant health hazard that is similar to the
physiological metal zinc. Residing in the same group of the periodic table, cadmium and zinc
share chemical characteristics that are important for their industrial uses in electroplating,
batteries, pigments, and metal alloys. The similarities of ionic cadmium and zinc have significant
repercussions on biological systems. While it has long been clear that cadmium is toxic to
biological systems, the mechanisms of cadmium toxicity remain poorly understood. In contrast,
mechanisms of zinc homeostasis have been elucidated in growing detail. In C. elegans high zinc
homeostasis is regulated by the HIZR-1 nuclear receptor transcription factor via the High Zinc
Activation (HZA) enhancer. To define relationships between the responses to high zinc and
cadmium, we analyzed transcription following high zinc and cadmium exposure. Many genes
were activated by both high zinc and cadmium, and hizr-1 was necessary for activation of a
subset of these genes; in addition, many genes activated by cadmium did not require hizr-1,
indicating there are at least two mechanisms of cadmium-regulated transcription. Cadmium
directly bound HIZR-1, promoted nuclear accumulation of HIZR-1 in intestinal cells, and
activated HIZR-1-mediated transcription via the HZA enhancer. Thus, cadmium binding

xix

promotes HIZR-1 activity, indicating that cadmium acts as a zinc mimetic to hijack the high zinc
response. To elucidate the relationships between high zinc and cadmium detoxification, we
analyzed genes that function in three pathways: the pcs-1/phytochelatin pathway strongly
promoted cadmium resistance but not high zinc resistance, the hizr-1/HZA pathway strongly
promoted high zinc resistance but not cadmium resistance, and the mek-1/sek-1/kinase signaling
pathway promoted resistance to high zinc and cadmium. These studies identify resistance
pathways that are specific for high zinc and cadmium as well as a shared pathway. To further our
understanding of transcriptional regulation in response to zinc and cadmium, genomic deletions
of HZA enhancers of highly induced genes were tested for their response to cadmium and zinc.
Interestingly, these HZA enhancers displayed bi-directional activation of adjacent genes in the
genome in response to zinc and cadmium. To study the application of these findings to human
biology, Hek293 cells were exposed to zinc and pyrithione and screened for activation of
metallothioneins and nuclear receptors. Human cells were also transfected with plasmids
encoding chimeric Gal4::HIZR-1 proteins that displayed a zinc responsiveness in a luciferase
reporter assay. The hizr-1/HZA pathway plays an important role in the C. elegans response to
zinc and cadmium toxicity and orthologous systems may be found in human biology.

xx

“You only have to believe the truth.”
Henry Eyring

xxi

Chapter 1: Introduction to Cadmium Biology
This chapter includes original content for a section of a review manuscript in preparation. I also
contributed to two reviews (included herein as chapters 2 and 3) which discuss related topics that
give a broader picture of the current state of zinc and cadmium research in C. elegans.

1.1 A historical context for cadmium toxicity in C. elegans
C. elegans is a powerful organism for discovery-based biological experiments. Not surprisingly,
soon after the initiation of the worm as a model organism, groups used this organism to study
metal toxicology including cadmium toxicity 1. Several articles have reviewed facets of cadmium
exposure in C. elegans.2–7 These reviews survey the variety of conditions for toxic endpoint
testing3, the complexities of heavy metal stress and toxicity5, and the roles of metallothioneins4
and phytochelatins6 in the nematode.
Zinc and cadmium are chemically similar metals found in the same group of the periodic
table of elements. While zinc is a physiological metal necessary for life, cadmium is a nonessential metal with no known biological function in metazoans. Cadmium is a common
industrial pollutant 8, which has driven the development of C. elegans strains as bio-monitors for
cadmium and other heavy metals in polluted soil and water. A significant portion of cadmiumrelated articles in the C. elegans literature attempt to develop C. elegans for use in biomonitoring or bio-remediation of polluted ecological samples 1,3,9–45. Reporter strains have been
developed for this purpose including an mtl-2 promoter reporter 35,37. While these developments
are of interest to the prevention and remediation of cadmium exposures, the scope of the current
review is limited to articles that suggest mechanisms for cadmium toxicity.

1

1.2 Proposed mechanisms of cadmium toxicity
Many studies exposing nematodes to cadmium focus on understanding patterns or limits
of toxicity 46,47. Some study genetic factors of cadmium toxicity. Sometimes, these studies
propose a molecular mechanism for cadmium toxicity in the worm. The proposed mechanisms
of cadmium toxicity in C. elegans are varied and a brief tour of these mechanisms follows.
Cadmium causes transcriptional changes in C. elegans, and some changes of large
magnitude. Several studies have explored the transcriptional response to cadmium through
microarray studies and RNA-sequencing 48–53. While these studies can identify if transcription is
activated or repressed within limits, these experiments cannot differentiate between transcription
caused directly by cadmium binding of transcription factors or an indirect effect of cadmiuminduced damage which then activated a transcriptional damage response.
A unique mechanism for cadmium toxicity arose through assaying the bagging phenotype
exhibited by cadmium exposed worms. When fertilized eggs fail to exit the uterus, they may
hatch inside the animal leading to lethality. Cadmium increases the rate of bagging, and some
evidence suggests this bagging increase arises from damaging serotonergic neurons 54.
Metal exposure can have generational effects. Multi-generational exposure to
cadmium and other metals caused a consistent decrease in progeny and increase in SOD protein
generation after generation while feeding and growth phenotypes rebounded in later generations
and catalase protein remained consistent throughout 55. Exposure of animals to cadmium for
successive generations led to reductions in length and fertility within 4 generations 56. Cadmium
exposure reduced vitellogenin protein expression in a dose-dependent fashion 51.
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As a popular model for studies of aging, C. elegans stress response to cadmium has been
studied in the context of age-related genes. Mutations in genes in the insulin-like signaling
pathways have shown protective effects for many types of stressors and cadmium is among the
stressors that are dampened by these protective effects 57.
A recent report suggests cadmium affects RNA splicing events. Interruption of splicing
events by knockdown of subunits of the Integrator complex induces numr-1, which is also
induced by cadmium exposure. Interestingly, while RNAi knockdown of integrator subunit, ints4, or cadmium exposure induces an overlapping transcriptional response, knockdown of
integrator subunits does not sensitize animals to cadmium exposure 50. However, both
knockdown of ints-4 and cadmium exposure disrupt 3’ processing of small nuclear RNAs
involved in the spliceosome.
Others have observed the toxicity of cadmium as it intersects with dietary changes and
pathogenic bacterial infections of the intestine. These studies of the microbiome of worms have
shown that cadmium sensitivity can either increase or decrease following dietary changes 53,58,59.
Calcium is a divalent metal cation like zinc and cadmium leading to the hypothesis that
biological systems fail to discriminate between cadmium and calcium to the detriment of the
system 60–62. The non-discriminatory hypothesis has some experimental support as mutants of
calcium transporters may be resistant to cadmium exposure.
Under standard conditions, mev-1 mutants show reduced lifespan and brood size and
concomitant increase in generation time and further exacerbation of these phenotypes with
cadmium exposure.62,63
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New techniques have been applied to phenotyping C. elegans. Microfluidic techniques
have been used to show that capacitance correlates with body volume even when growth is
inhibited by cadmium exposure 64.
One recent development of tangential interest to cadmium toxicity is the growing use of
quantum dots. Quantum dots are nanoscale particles with unique photoluminescent properties
which make them useful for in vivo imaging. Many types of quantum dots are composed in part
of cadmium, making quantum dot toxicity of interest to cadmium toxicology. It is worth noting
that toxicity from this new imaging application has been observed in C. elegans 56,65–67.
However, it remains unclear how mechanisms of quantum dot toxicity relate to dietary cadmium
toxicity. Cadmium-based mixtures are a popular choice for quantum dots, which are useful in a
wide array of applications 56,65–67. However, the effect of cadmium on the toxicity of these
mixtures is difficult to interpret because they are mixtures after all. The complexities of metal
mixtures including cadmium complicate the conclusions which can be drawn regarding the
mechanisms of action. As such, articles experimenting with metal mixtures and quantum dots
will not be considered further for this review.

1.2.1 Cadmium Transport
Assuming that all divalent metal transporters are potential nonspecific Cd transporters,
Vesey (2004) compiled a list of the metal transporters involved in intestinal and kidney cells 68.
By this metric, there are many C. elegans genes that may be considered candidates for
nonspecific Cd transport. Observations of transport functionality have provided data for this
claim. The p-glycoprotein ABC transporter, pgp-5, is induced in response to cadmium and pgp-5
loss-of-function mutants are hypersensitive to cadmium exposure as well as pathogenic bacteria.
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The induction of pgp-5 in response to these stressors is dependent on p38 MAPK cascade
members, nsy-1, sek-1, and pmk-1 as well as tir-1 as shown through RNAi knockdown 69. ttm-1,
a zinc transporter, is activated by multiple stressors including cadmium, and knockdown of ttm-1
causes cadmium hypersensitivity 49. In contrast, growth of cdf-2 (a zinc transporter) and pgp-2
mutants was indistinguishable from wild-type animals under cadmium exposure 70.

1.2.2 Cadmium import
Of premier importance to cadmium toxicity is the mechanism by which cadmium enters
the organism and its cells. There are a number of potential metal transporters that may function
in cadmium import. SLC11A2/NRAM2 (formerly DMT1) has been shown to have broad
divalent import function particularly for iron and cadmium 71,72. The worm orthologs of NRAM2
(smf-1, smf-2, and smf-3 in C. elegans) have not yet been reported to import Cd 73. Pretreatment
with Fe reduced cadmium uptake in CaCo-2 cells possibly by reducing
SLC11A2/DMT1/NRAM2 expression74. Cadmium may also enter cells via voltage-sensitive
calcium channels 75. “It is probable that the adaptation to high Cd2+ correlates to the cell ability
to finely tune the Ca2+-related response to high Cd2+.”76 It is possible that dysfunctional Ca
signaling can confer Cd tolerance 60,76,77. Presumably, dysfunctional Ca signaling may limit the
amount of Ca import and have the unintended consequence of limiting Cd import as well.

1.2.3 Cadmium Export
Cadmium is remarkable and problematic for many reasons but one major issue with
cadmium in regards to human biology is its exceptionally long biological half-life in humans.
Cadmium accumulates in liver and kidney and those cadmium accumulations may take decades
to be meaningfully diminished. The mechanism of cadmium export, therefore, is important to
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understanding the detoxification of cadmium following inevitable increases in cadmium
exposure through contaminated food, drink, and air. Like import mechanisms, the mechanism for
cadmium export remain important questions in the field.
The first ABCB6/HMT1 family member was discovered in yeast where an hmt1
overexpression was shown to increase cadmium accumulation and increase cadmium resistance
suggesting that hmt1 transports cadmium into subcellular vesicles78. Further, HMT1 mutants did
not accumulate phytochelatins-bound-Cd (PC-Cd), suggesting that HMT1 may transport PC-Cd
complex out of the cytoplasm and into the vacuole78. In diatoms, cadmium is bound to
phytochelatins and exported 79. In C. elegans, HMT-1 has been shown to localize to the recycling
endosomes in intestinal cells 80,81. In plants, PCs are transported to vacuoles and HMT-1 sits on
subcellular membranes, so a hypothesis developed that HMT-1 transports PCs. However, to date
no experimental evidence has been published to confirm this hypothesis. RNAi knockdowns and
deletion mutants of pcs-1 and hmt-1 in C. elegans were both hypersensitive to cadmium
exposure, but the morphological changes were distinct (pcs-1 knockdown caused intestinal cell
necrosis while hmt-1 knockdown led to spherical refractive inclusions, and the double
knockdown showed both morphological changes) suggesting that these two genes act
independently to promote resistance to cadmium 82,83. HMT-1 is unique among ABC transporters
because of an N-terminal extension (NTE) that is necessary for protein-protein interactions and
cadmium resistance 80,84. The NTE and C-terminal domain also contribute to the dimerization,
localization, and function of the HMT-1 protein 80. Additionally, the unique NTE domain
facilitated predictions of hmt-1 orthologs 81,85. hmt1-deficient yeast expressing the D.
melanogaster ortholog DmHMT-1 had just as many vacuolar phytochelatins as hmt1 deficient
cells injected with an empty vector 85. This suggests that HMT-1 is not the sole PC transporter or
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may not transport PCs after all. HMT-1 is necessary for storage of cadmium as mass
spectrometry studies show that mutant animals have lower cadmium levels than WT while being
more sensitive to cadmium exposure 86. A human ortholog of hmt-1, ABCB6, can rescue hmt-1
deletions mutants in C. elegans.
PCA1, a P-type ATPase in yeast, avoids ER-associated degradation in the presence of Cd
and is trafficked to the plasma membrane where it may export Cd 87. HMA4, a P-type ATPase in
Arabidopsis thaliana, has a high binding capacity for Zn and Cd in the C-terminal domain which
may act to both sense and sequester Zn and Cd. The nearest ortholog of PCA1 and HMA4 in C.
elegans may be cua-1 which has been implicated in copper homeostasis 88.

1.3 Cadmium activates kinase cascades
Several reports have implicated cadmium as an inducer of proteins related to MAPK
signaling 48,49,89–92. As a stress response pathway, it is possible that cadmium causes non-specific
damage in the cell which activates MAPK stress signaling. It’s also possible that cadmium
directly activates MAPK signaling as a sensing mechanism for the cadmium response. jkk-1 is a
kinase kinase (JNK Kinase) which is sensitive to heavy metal exposure 90. mek-1 is a kinase
kinase (JNK Kinase) and requires the scaffold protein shc-1 to phosphorylate kgb-1 90,92. kgb-1
(JUN Kinase), mek-1, mlk-1(MAP kinase kinase kinase) and jnk-1 (JUN Kinase) mutants are
hypersensitive to heavy metal toxicity, and vhp-1 (phosphatase) mutation can suppress this
hypersensitivity phenotype 49,89,90,93. pmk-1 (MAP kinase) is a p38 homolog that regulates atf-7
by which it affects metallothionein expression 94. vhp-1 is a phosphatase that dephosphorylates
kgb-1 and pmk-1, thereby reducing their activity. Knockdown of vhp-1 during development
protects animals against a variety of stressors, and interestingly, vhp-1 knockdown in adulthood
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sensitizes animals to those same stressors in a kgb-1 dependent manner 92. The response tir-1 is
a SARM1 homolog which as an NAD hydrolase somehow affects mtl-1p::gfp expression 94.
mek-2 (MAP kinase kinase) is a MEK1/2 homolog, a kinase involved in Ras signaling 94.
Knockdown of the phosphatase vhp-1, a negative regulator of kgb-1 and pmk-1, leads to
cadmium resistance in larva 95. Knockdown of pmk-1 in addition to cadmium exposure showed
survival phenotypes like wild-type, but prevented daf-16::gfp nuclear localization during the first
8 hours of exposure 49,96. However, pmk-1 mutants were hypersensitive to cadmium exposure
while overexpression of pmk-1::gfp led to cadmium resistance in a survival assay 96. Cadmiuminduced germline apoptosis is dependent on functioning MAPK signaling cascades as mutants in
nsy-1 (MAP kinase kinase kinase), mek-1, sek-1 (MAP kinase kinase), jnk-1, and pmk-1 showed
no increased germline apoptosis following cadmium exposure 91.
What is the benefit of MAP kinase cascades? It’s a multiplier effect. A single signal
molecule from the environment can activate a single triple kinase that can phosphorylate/activate
many double kinases. Those double kinases can rapidly phosphorylate/activate a much larger
number of kinases which can then rapidly phosphorylate/activate any and all targets with cellwide effects that are near-instantaneous on a biological scale. The challenge arises when more
specific responses are required. How do cells get a specific response when kinases hypothetically
phosphorylate the same targets at the same rates and we might expect that the triple kinase
initiates the whole cascade? For this reason, studies of kinase cascades may make significant
contributions to our understanding of cadmium toxicity, detoxification and repair of cadmiuminduced damage.
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1.4 Cadmium-binding proteins
It is predicted that cadmium binds many bio-molecules at the binding-sites of other physiological
metals, particularly zinc, calcium, and other divalent cations. This non-physiological binding of
functional proteins and other bio-molecules has been proposed as the predominant mechanism of
cadmium toxicity. To formally prove this hypothesis, structure function studies of many or all
cadmium-binding proteins and bio-molecules will need to be conducted. In contrast, some
proteins have the proposed function of binding cadmium to buffer or detoxify cadmium in the
cell.

1.4.1Metallothioneins
Metallothioneins are a class of metal-binding proteins common throughout the tree of life
97

, and the binding affinity of metals varies for metallothioneins within and between species. C.

elegans has two metallothionein genes98–104, mtl-1 and mtl-2, which bind 7 and 6 ions,
respectively, of zinc or cadmium105–108. Metallothioneins are expressed primarily in the intestinal
cells when exposed to cadmium, and mtl-1 is also constitutively expressed in the lower
pharyngeal bulb 109. Metallothionein gene expression is robustly induced by various stimuli
including cadmium, and this robust induction has popularized metallothioneins as transgene
reporters 22,57. The transcription factors hizr-1 and mdt-15 are necessary for cadmium-induced
transcription 57,110,111. The GATA and HZA promoter elements are found upstream of both mtl-1
and mtl-2 genes, conferring intestine-specific expression by elt-2 and zinc- and cadmium-specific
expression by hizr-1, respectively 112,113. In contrast, loss of the transcription factor atf-7 or the
kinase pmk-1 led to increased metallothionein expression, though this effect may arise from the
loss of general stress and damage responses related to these genes 94. akt-1 and akt-2, AKT1/2/3
homologs, and pdk-1, a PDPK1 homolog, are kinases and daf-18, a PTEN homolog, is a
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phosphatase all of which are involved in insulin-like signaling and the loss of these controls on
energy homeostasis may indirectly explain their effect on mtl-1 expression 94. Mutation of the
insulin signaling pathway gene, daf-2, influenced metallothionein expression 114. skn-1, a
NFE2L1/2/3 homolog, and fos-1, a FOS and FOSL1/2 homolog, are transcription factors upon
which mtl-1 expression is dependent 94. zfp-1, a MLLT10 homolog, and par-5, a
YWHAB/YWHAZ homolog, are transcriptional regulators upon which mtl-1 expression is
dependent 94. Mutation of tax-4, a CNGA1/2/3 homolog, increases mtl-1 expression 94.
Knockdown of ragc-1, a RRAGC/D homolog, increases mtl-1 expression 94. Metallothionein
single and double mutants display mildly reduced brood size, volumetric growth, and survival
irrespective of cadmium exposure 115–118. The mtl-1;mtl-2 double mutant and the mtl-2 single
mutant accumulate more cadmium than wild-type when exposed to cadmium, while the mtl-1
mutant accumulates a comparable concentration of cadmium to wild-type 105. Remarkably,
studies of C. elegans double mutants of the metallothionein genes give mixed results regarding
hypersensitivity to cadmium exposure with some showing minor effects while others show no
effect 86,119. The remarkable conservation of metallothioneins suggests an essential function to
life, however, the loss of metallothioneins is not vital to cadmium resistance in C. elegans. The
recent discovery of novel genes encoding small, cysteine-rich proteins may explain the lack of
strong phenotypes in metallothionein double mutants and greatly inform our understanding of
metallothioneins in C. elegans 120.

1.4.2 Phytochelatins
Phytochelatins (PCs) are non-genomic chelators of metal ions synthesized nontranslationally by phytochelatin synthase (pcs-1) from glutathione monomers in S. pombe, A.
thaliana, C. elegans121–123, and other organisms throughout the tree of life 6. PCS-1 activity and
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specificity between organisms are variable124. PC synthesis in response to heavy metal exposure
is a common process in the plant kingdom with many examples in the animal kingdom including
C. elegans, but no ortholog of pcs-1 has been identified in the human genome. In C. elegans, PC
synthesis plays a greater role in cadmium detoxification than metallothioneins 116,121. Unlike
metallothioneins, PCs are not themselves encoded in the genome.
pcs-1 mutants and RNAi knockdowns of pcs-1 in C. elegans are hypersensitive to
cadmium exposure, as mutants accumulated more cadmium than wild type 82,125,126. Interestingly,
pcs-1 in C. elegans lacks a domain common among orthologous plant genes which has been
recently attributed to host immunity 127. With the wide variation in plant and animal metabolism,
it is unclear how this missing domain affects the effectiveness of pcs-1 in metal detoxification in
C. elegans.
The heavy metal tolerance factor (hmt-1) was initially believed to transport PC-Cd
complexes from the cytoplasm to vacuole-like organelles, due to observations of orthologs in
other organisms and the observation that hmt-1 mutants and RNAi knockdowns of hmt-1 in C.
elegans are hypersensitive to cadmium exposure 82. However, mutants of hmt-1 and pcs-1 have
exclusive phenotypes and hmt-1 mutant yeast still had PCs stored in vacuoles85. hmt-1 and pcs-1
show overlapping expression only in coelomocytes when assayed by GFP promoter fusions 83.
Remarkably, pcs-1 promoters are not activated in intestinal cells to a sufficient level to notice
GFP localization, which doesn’t explain why cadmium would cause necrosis of intestinal cells in
pcs-1 mutants. While coelomocytes were shown to detoxify metals and not H2O2 (ROS), loss of
coelomocytes and hmt-1 did not have an additive effect on metal toxicity 83.
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1.5 Transcription factors and co-regulators
The transcriptional response to cadmium exposure has been studied in many contexts,
and many transcription factors play a role in the widespread and sometimes dramatic
transcriptional response to cadmium. hcf-1 encodes a transcription factor binding co-regulator,
and hcf-1 mutants are resistant to cadmium exposure 128. atf-7 is an important repressor of mtl-1
94

. Mutation of the insulin signaling pathway gene, daf-2, influenced metallothionein expression
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. skn-1, a NFE2L1/2/3 homolog, and fos-1, a FOS and FOSL1/2 homolog, are transcription

factors upon which mtl-1 expression is dependent 94. zfp-1, a MLLT10 homolog, and par-5, a
YWHAB/YWHAZ homolog, are transcriptional regulators upon which mtl-1 expression is
dependent 94. Mutation of tax-4, a CNGA1/2/3 homolog, (while not a transcription factor)
increases mtl-1 expression 94. Knockdown of ragc-1, a RRAGC/D homolog, (while not a
transcription factor) increases mtl-1 expression 94. mdt-15, a member of the mediator complex, is
necessary for activation of mtl-1, mtl-2, cdr-1 and cdf-2 in response to cadmium exposure 129.
hsf-1 is necessary for complete numr-1 expression in response to cadmium exposure 50,130.
Interestingly, while knockdown of hsf-1 reduces lifespan, cadmium exposure had no additive
effect on hsf-1 hypersensitivity. Further, knockdown of hsf-1 did not affect mtl-2 activation
under cadmium exposure 50. The function of hsf-1 in cadmium resistance is of further interest
because reports have shown that heat-treated animals are resistant to subsequent cadmium
exposure 130. daf-16 was necessary for cadmium resistance as well as the additional resistance to
cadmium conferred by heat-shock pretreatment 130. The heat shock protein, hsp-16.2, was
robustly expressed in response to both cadmium exposure and heat-shock pretreatment and this
expression was abrogated by daf-16 RNAi 130. hizr-1 and mdt-15 are important for the
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transcriptional response to cadmium, and hizr-1/mdt-15 binding is enhanced by both zinc and
cadmium 111.

1.6 Concluding remarks
Cadmium is a toxic heavy metal present in the environment, contaminating air, food, and water.
We review here the wide ranging effects of cadmium on the biology of C. elegans and present
the proposed mechanisms of toxicity and detoxification. There remain many opportunities to
increase our understanding of cadmium biology. The following chapters of this thesis will
present reviews of cadmium and zinc biology and a novel mechanism by which cadmiumactivated transcription may in many cases have little influence on the detoxification of cadmium.
A potential role for metallothioneins is observed and hizr-1 becomes an important player in the
potential toxicity or detoxification of cadmium.
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Chapter 2: Insights into zinc and cadmium
biology in the nematode Caenorhabditis
elegans
This chapter presents the contents of an article of the same name published in 2016 in the
journal, Archives of Biochemistry and Biophysics to which I contributed as a co-author with
Nicholas Dietrich, Chieh-Hsiang Tan, Ciro Cubillas, and Kerry Kornfeld. My role in this review
was to prepare the first draft of the section on cadmium toxicity, prepare the table of reported
phenotypes of cadmium biology, and contribute to revising the final draft.

2.1 Abstract
Zinc is an essential metal that is involved in a wide range of biological processes, and aberrant
zinc homeostasis is implicated in multiple human diseases. Cadmium is chemically similar to
zinc, but it is a nonessential environmental pollutant. Because zinc deficiency and excess are
deleterious, animals require homeostatic mechanisms to maintain zinc levels in response to
dietary fluctuations. The nematode Caenorhabditis elegans is emerging as a powerful model
system to investigate zinc trafficking and homeostasis as well as cadmium toxicity. Here we
review genetic and molecular studies that have combined to generate a picture of zinc
homeostasis based on the transcriptional control of zinc transporters in intestinal cells.
Furthermore, we summarize studies of cadmium toxicity that reveal intriguing parallels with zinc
biology.
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2.2 Caenorhabditis elegans as a model system to study zinc
biology and cadmium toxicity
The nematode Caenorhabditis elegans is a powerful model system that has been used to
characterize fundamental and highly conserved biological processes such as RNA interference
(RNAi) and apoptosis 131,132. It has been used to develop innovative experimental techniques
such as in vivo expression of green fluorescent protein (GFP) 133. These and other discoveries
have had a major impact on understanding mammalian biology. C. elegans is a useful model
system for studies of metal biology, since it has been used to analyze zinc, iron, manganese,
cadmium, and heme metabolism 125,134–138 . Here we review the current understanding of zinc
biology and cadmium toxicity in C. elegans.
C. elegans offers significant advantages for studies of zinc biology. This nematode is a
multicellular animal composed of distinct tissues and organ systems including an intestine,
muscles, neurons and epithelial cells. Like mammals, the intestine of these animals is the first
point of control, and they require tissue specific and organism-wide zinc trafficking and
homeostasis. However, the relatively simple anatomy of this animal facilitates analysis with
single cell resolution. C. elegans is an outstanding experimental system for genetic and
molecular analysis supported by a fully sequenced genome 139. Because of these advantages, C.
elegans offers a unique opportunity to analyze zinc physiology in an intact organism and apply
powerful discovery techniques to reveal mechanisms of zinc trafficking and homeostasis.
Zinc and cadmium are closely related metals both positioned in Group 12 on the periodic
table. As a result of their similar size and electron configuration, both ions bind to identical
macromolecular structures through sulphur, oxygen, and nitrogen 140. By contrast to zinc, which
is essential for all life, cadmium is a non-essential metal with no known biological function in
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metazoans. However, cadmium is a common industrial pollutant, and C. elegans has been used
as a model system to understand cadmium toxicity 1,8. The methods used to study cadmium
biology in C. elegans are similar to the methods used to study zinc biology; however, the focus
of cadmium studies is toxicology rather than utilization and homeostasis.

2.3 Techniques to study zinc biology in worms
Studies of zinc biology in worms typically involve standard techniques employed to study a wide
range of biological processes and techniques specifically used to study zinc biology. The
standard techniques include genetic manipulations used to analyze loss-of- function and gain-offunction mutations coupled with phenotypic analyses. Mutations are derived from random
chemical mutagenesis and forward genetic screens for strains with abnormal phenotypes, or from
reverse genetic approaches that target specific genes and typically generate deletion alleles. The
recent development of genome editing techniques such as CRISPR-Cas9 is likely to improve the
ease and precision of reverse genetic approaches 141. Standard phenotype analyses include
measures of individual growth rates, survival and reproduction. In addition to these standard
methods, several methods have been developed to specifically study zinc biology

2.3.1 Culture medium and manipulation of dietary zinc
Widely used culture conditions involve growing C. elegans in a Petri dish on a solid surface of
Nematode Growth Medium (NGM) agar and a lawn of E. coli bacteria. The worms ingest the
bacteria as a food source. The sources of zinc in these conditions are peptone, a component of
NGM, and agar 142. The bacteria acquire zinc from the NGM agar, and the worms acquire zinc
from ingesting bacteria. Although these culture conditions appear to provide adequate zinc for
optimal C. elegans growth, the amount of dietary zinc is difficult to measure and is influenced by
bacterial zinc homeostasis. Furthermore, zinc cannot be readily manipulated because
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supplemental zinc added to this medium is prone to precipitation. Therefore, dose response
studies conducted in this medium are not accurate. To address the issue of zinc precipitation,
Bruinsma et al. 143 developed Noble Agar Minimal Medium (NAMM), which allows the addition
of supplemental zinc without precipitation. Worms cultured on NAMM medium with live E. coli
as a food source obtain zinc from the E. coli and from the supplemental zinc added to the
medium. Neither NGM nor NAMM is well suited to dietary zinc deprivation, because the E. coli
food source requires zinc to grow and replicate. To address this issue, Davis et al 144 employed
C. elegans maintenance medium (CeMM), a fully defined chemical medium that was developed
to allow axenic culture of nematodes 144,145. Standard CeMM contains 75 mM zinc, but the
concentration of zinc can be fully controlled during preparation of the medium, allowing welldefined zinc limitation studies.

2.3.2 Quantification and localization of zinc
The method of inductively coupled plasma mass spectrometry (ICP-MS) has been employed to
quantify the total zinc content of worms (Fig. 2.1A) 144. The strength of the approach is precise
quantification, whereas the limitation is an absence of spatial information. Worms are collected,
treated with heat and acid to separate the elements, and zinc and other elements are quantified by
comparison to standards. The procedure can be challenging in practice because the values must
be normalized to a measurement of the biological sample size, such as the dry weight of worms,
which requires a large number of worms. A second quantitative method to determine total zinc
content is feeding radioactive 65Zn to live worms and measuring steady state incorporation 144.
To complement these methods to quantify zinc content, zinc sensor dyes have been used to infer
the spatial distribution of zinc. The strength of these methods is spatial resolution, which is
enhanced by the simple anatomy and transparency of worms, which allows fluorescent imaging
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Fig. 2.1. A) Population growth rates in fully defined chemical medium (CeMM) show that zinc is essential and
toxic in excess. The total zinc content of animals was determined by ICP- MS and is shown in parts per million;
the population growth rate was determined by counting animals at multiple times. Adapted from Davis et al. 144.
B) The zinc dye Zinpyr-1 can visualize zinc localized to the body cavity (pseudocoelom) in wild-type (WT) C.
elegans (arrows indicate fluorescence signal). cdf-1(lf) animals have lower levels of zinc in this compartment
compared to wild-type animals, whereas ttm-1(lf) animals have higher levels of zinc. Adapted from Roh et al. 146.
C) The zinc dye FluoZin-3 can visualize zinc localized to lysosome-related organelles (gut granules) in intestinal
cells. Green FluoZin-3 staining overlaps with LysoTracker Red, a marker of lysosomes. Adapted from Roh et al.
70
.

of live animals 133. The limitations include the fact that dyes detect only a subset of the zinc that
is chelatable, and the trafficking of the dye in the worm means each dye only reports on specific
compartments. Importantly, the absence of a dye signal cannot be reliably interpreted as the
absence of chelatable zinc, since the dye may not be present in that location. Zinpyr-1 has been
used to monitor zinc in the pseudocoelom of intact animals (Fig.2.1B) and in dissected sperm
and dissected male and hermaphrodite gonads 146,147. FluoZin-3 has been used to monitor zinc
located in intestinal cells (Fig. 2.1C), where the dye accumulates in lysosome-related organelles
called gut granules 70. An additional approach that allows both quantification and spatial
localization in individual animals is synchrotron-based X-ray fluorescence microscopy (XFM)
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126,148,149

. Finally, autometallography has been employed to visualize the distribution of labile

zinc at the ultrastructural level 147.

2.4 Nutritional requirements for zinc
The nutritional requirement for zinc was documented by Davis et al. 144 (Fig. 2.1A). A
population of worms cultured in CeMM displayed no appreciable growth with 1 mM zinc, about
half maximal growth rate with 10 mM zinc, and maximal growth rate with 30 mM zinc. The
reason why zinc is essential for growth and reproduction has not been established experimentally
in worms. However, a plausible hypothesis is that zinc is essential for the function of multiple
proteins in worms. Predicted zinc binding proteins constitute a sizeable fraction of the proteome
of organisms from archaea to eukaryotes. This fraction ranges from 3.9% in some bacteria to
10.2% in the insect Drosophila melanogaster. The trend towards a higher fraction in eukaryotes
may relate to the evolution of the zinc-finger and other zinc-binding domains involved in gene
expression that are not found in bacteria and archaea 150. The Caenorhabditis elegans genome
consists of 97 Megabases of DNA and contains about 20,000 predicted protein-coding genes of
which about 8% (1600) are predicted to encode zinc-binding proteins 150,151. By contrast, the
human genome consists of 3234 Megabases of DNA and contains about 19,000 predicted
protein-coding genes of which about 9% (1700) are predicted to encode zinc-binding proteins 152.
Many C. elegans genes encode proteins similar to human proteins, including well-documented
zinc-binding proteins such as alcohol dehydrogenases, zinc dependent aminoacyl-tRNA
synthetases, and zinc finger transcription factors 150. Assuming predicted zinc-binding proteins in
worms do indeed require zinc, the growth defects caused by low dietary zinc are likely to reflect
the dysfunction of many proteins in worms.
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2.5 High zinc and cadmium cause toxicity
In defined liquid medium, populations of worms display approximately maximal growth rate in a
wide range of zinc concentrations from 30 mM to 500 mM, suggesting that worms can maintain
zinc homeostasis throughout this range of dietary concentrations. However, concentrations of
zinc greater than 500 mM cause dose-dependent decreases in population growth rate, and growth
is severely impaired in 2.5 mM zinc (Fig. 2.1A) 144. In undefined medium, high levels of zinc
cause decreased individual growth rate and survival, suppress the multivulva phenotype and
cause formation of bilobed lysosome-related organelles in intestinal cells (Table 2.1). The reason
that high levels of zinc are toxic for growth and reproduction has not been established
experimentally in worms. A possible model is that high levels of dietary zinc overwhelm the
homeostasis mechanisms, and the resulting excess zinc binds ectopic sites on proteins or replaces
other physiologically important metal ions such as copper or manganese. Consistent with this
model, quantification of total zinc content using ICP-MS or radioactive zinc demonstrated that
increases in dietary zinc concentrations cause increases in total animal zinc content (Fig. 2.1A).
These data also indicate that homeostasis is not simply a mechanism to maintain a constant level
of total animal zinc.
Cadmium exposure causes a variety of effects in worms. Table 2.2 shows that cadmium
exposure causes dose-dependent decreases in individual growth rate and survival. Depending on
the dose and stage of exposure, cadmium causes larval arrest or delayed maturation to adulthood.
Cadmium exposure causes decreased reproduction, typically measured as diminished
hermaphrodite brood size. Cadmium exposure increases apoptosis and decreases mitosis of germ
line cells and inhibits feeding, body movement and respiration rate. Worms can perceive
cadmium and respond with avoidance 153. Cadmium exposure causes several molecular
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phenotypes: increased levels of cadmium, phytochelatins, metallothionein proteins,
mitochondrial DNA damage, oxidative damage and DNA methylation, and decreased levels of
cystathione, RNA/ DNA ratio, ATP and superoxide dismutase activity. Several articles have
reviewed facets of cadmium exposure in C. elegans 2–6. The mechanism of cadmium toxicity has
not been established.

2.6 Genetic analysis of zinc and cadmium resistance and
sensitivity
An important goal is to identify genes that play a specific role in zinc trafficking and
homeostasis. A fundamental approach is to seek mutant strains that display an altered doseresponse profile to the effects of zinc compared to the wild-type strain. Table 2.1 shows
phenotypes caused by high and low dietary zinc, categorized as physiological, biochemical and
gene expression changes. Furthermore, Table 2.1 shows genes categorized as increasing
resistance, increasing sensitivity, or having no substantial effect when mutated. It is important to
consider the interpretation of these findings. Three genes have been reported to cause resistance
to diminished growth and survival caused by high zinc when mutated: haly-1, natc-1, and daf-21
154–156

. Because the activity of these genes is necessary to promote high zinc sensitivity, these

genes have an activity that increases vulnerability to zinc toxicity. In some cases, these genes
promote growth and reproduction, and when the gene is mutated the animal shifts to a stress
resistant state. These mutants are typically resistant to multiple stresses, as exemplified by natc1. Therefore, these genes are not likely to be directly involved in zinc trafficking or binding.
Seven genes have been reported to cause sensitivity to diminished growth and survival
caused by high zinc when mutated, including cdf-1, cdf-2, and sur-7. Thus, these genes are
necessary for zinc resistance, since eliminating gene function makes animals vulnerable to high
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Table 2.1: Genetic analysis of zinc excess and deficiency
Dietary zinca

Phenotypeb

High

Physiological
Decreased individual growth rate 143
Decreased population growth rate 144
Decreased survival 143
Multivulva suppression 157
Formation of bilobed lysosome-related
organelles in intestinal cells 70
Sperm activation in vitro 147

Mutantc
Resistant

Hypersensitive

haly-1 143,154, natc-1 155

Like WT

cdf-1 143,157, cdf-2 70, sur-7 ttm-1 146
137
, ttm-1;cdf-2 146, pgp-2 70,
glo-1 70, glo-3 70
cdf-1 144, cdf-2 144, sur-7 144

natc-1 143,155, haly-1 143,154,
daf-21 158
pgp-2 70, glo-3 70
spe-8 147, spe-12 147, spe-27
147
, spe-29 147

Biochemical
Increased total zinc content (ICP-MS) 144 cdf-2 144, pgp-2 70, glo-1 70 ttm-1 146, cdf-1 144, mtl-1 105, sur-7 144, haly-1 154, natc-1
155
mtl-2 105
Increased zinc levels in intestinal
cdf-2 70, pgp-2 70, glo-1 70,
lysosome- related organelles (FluoZin-3 glo-3 70
staining) 70
Increased zinc levels in the pseudocoelom cdf-1 146
ttm-1 146
(Zinpyr-1 staining) 146
Gene expression
Increased transcript levelsd 144
elt-2 (RNAi) 113, mdt-15
ttm-1 146, ttm-1;cdf-2 146
(RNAi) 113
Low
Physiological
Decreased individual growth rate 144
cdf-1 144, sur-7 144
Decreased population growth rate 144
cdf-1 144, sur-7 144
a.
High dietary zinc was achieved by adding supplemental zinc to NAMM or NGM agar dishes or standard CeMM. Low dietary zinc was
achieved by preparing CeMM with a low concentration of zinc.
b.
Phenotypes were classified as physiological, biochemical or gene expression. Individual growth rate was assayed by measuring the size of
individual animals, whereas population growth rate was assayed by counting the number of animals in a population. Survival was assayed by
determining if individual animals were alive or dead. Multivulva was determined by scoring ectopic vulval protrusions on the ventral surface.
Bilobed intestinal lysosome-related organelles were scored using dyes and microscopy. Sperm activation was scored by determining the
morphology of sperm cells. Zinc levels were measured using fluorescent dyes or mass spectrometry. Transcript levels were measured by qPCR.
c.
Mutants contain loss-of-function alleles, except where RNAi is specified. Mutant strains were classified as resistant, hypersensitive or like
wild type by comparison to wild-type worms. ttm-1; cdf-2 is a double mutant.
d.
The following mRNAs accumulate in response to high zinc: cdf-2 144, ttm-1b 113,146, mtl-1 113, mtl-2 129, numr-1/-2 159, cdr-1 129, M02D8.6 113,
K01A12.4 113, F13D11.4 113.

zinc toxicity. The most important consideration for these genes is the specificity of the response.
One extreme is the generally sick mutant that succumbs more readily to any stress; the other
extreme is the generally healthy mutant that succumbs more readily only to high zinc stress but
displays wild-type resistance to all other stresses, such as other metals, heat, oxidation, etc. The
mutants that are generally sick are not informative about zinc biology, whereas the highly
specific mutants are likely to be defective specifically in zinc trafficking or binding.
Table 2.1 also lists selected mutants that are similar to wild type in the dose response to high
zinc. These mutants are included because they were candidates to be involved in zinc biology,
either because they display zinc-related phenotypes in some assay or the protein product is
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Table 2.2: Genetic analysis of cadmium toxicity.
Phenotype

Mutanta
Resistant

Physiological
Decreased Individual Growth Rate 1

Decreased Population Growth Rate 10
Decreased Lifespan/Survival 12

age-1 57,162, daf-2 57,164, daf16(gf) 159, fshr-1(gf) 165, natc-1
155
, numr-1(gf) 159, pmk- 1 92,

Decreased Germline Mitosis 91
Decreased Body Movement 41
Decreased Feeding 41
Decreased Respiration Rate 15
Increased Cd Avoidance Behavior 153
Biochemical
Increased Cd Content 99

Like-WT

cdr-1 119,160, hmt-1 82,83, jnk-1
90
, kgb-1 49,92,93, mek-1 89,90,93,
mlk-1 93, mrp-1 161, mtl-1 109,
mtl-2 109, pcs- 1 82,83,125, ttm-1

age-1 162, cdr-2 162, cdr-4 163,
cep-1 162, jkk-1 90, mtl-1 119,
mtl-2 119,162, pmk-1 49, sek-1 49,
sod-3 162, ttm-2 49, mtl-1;mtl-2
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115,119

fshr-1 165, mrp-1 161, pcs-1 116

cdr-1 119, daf-7 57, daf-16 57,
kgb-1 92, mtl-1 115, mtl-2 115,
mtl-1;mtl-2 115,116,
cdr-1 119, cdr-4 163, age-1 162,
mtl-1 119, mtl-2 119, mtl-1;mtl-2

cdr-2 162, cep-1 162, mtl-1
109,115,119
, mtl-2 109,115,162, pcs-1
116
, sod-3 162, mtl-1;mtl- 2 115

Decreased Reproduction (egg
production) 1
Increased Germline Apoptosis 91

Hypersensitive

ced-3 91, jnk-1 91, mek-1 91,
nsy-1 91, pmk-1 91, sek-1 91

116,119

abl-1 91, cep-1 91, hus-1 91,
pmk-3 91

che-2 153, osm-3 153
pcs-1 126, mtl-2 105, mtl-1;mtl-2
105

Increased Phytochelatin Level 116

cdr-1 119

mtl-1 116, mtl-2 116, mtl-1;mtl2 116,119
mtl-1 116, mtl-2 116, mtl-1;mtl2 116

Decreased Cystathione Level 116
Increased Metallothionein Protein
Level 100
Decreased RNA/DNA Ratio 11
Increased Mitochondrial DNA Damage
166

Increased DNA Methylation 167
Decreased ATP Levels 16
Decreased Superoxide dismutase
Activity 63
Increased Oxidative damage 63
Gene expression
Increased Transcript Levelsb
elt-2 112, mdt-15 129
a.
Gene activity was reduced by chromosomal mutations or feeding RNAi except as noted by gf, in which cases gene activity was increased
by overexpression. Mutant strains were classified as resistant, hypersensitive or like wild type by comparison to wild-type worms. mtl-1; mtl2 is a double mutant.
b.
The following mRNAs accumulate in response to cadmium exposure: ape-1 3, bcmo-1 168, cdf-2 113, cdr-1 135, cdr-2 169, cdr-4 169, cep-1 3,
ctl-2 3, cyp-29A2 22, cyp-34A9 22, cyp-35A2 3, gpx-5 22, gst-1 22, gst-4 3, hsf-1 22, hsp-16.1 33, hsp-16.2 43, hsp-16.41 43, hsp-16.48 31, hsp-3 22,
hsp-6 22, hsp-60 22, hsp- 70 22, jnk-1 90, mek-1 89, mrp-1 161, mtl-1 98, mtl-2 98, numr-1/-2 159, pyc-1 135, sod-1 3, sod-3 162, sod-4 22, ttm-1b 113, vit-2
3
, vit-6 3

predicted to be involved in zinc biology. The interpretation is that the gene does not play a
substantial role in zinc resistance or sensitivity, at least in the assays that were performed.
Many mutant strains have been examined for an altered dose-response profile to cadmium
toxicity compared to the wild-type strain. The results of these experiments are summarized in
Table 2.2; genes are categorized as increasing resistance, increasing sensitivity, or having no
substantial effect when mutated. Several genes have been reported to cause resistance to
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cadmium-mediated lethality when mutated, including loss-of-function mutations of natc-1, daf-2,
age-1, and pmk-1. Because the activity of these genes is necessary to promote cadmium
sensitivity, these genes have an activity that makes animals vulnerable to cadmium toxicity.
These genes typically promote growth and reproduction, and when the gene is mutated the
animal shifts to a stress resistant state. These mutants are typically resistant to multiple stresses,
as exemplified by natc-1 and daf-2. Therefore, the products of these genes are not likely to be
directly involved in cadmium trafficking or binding.
Several genes have been reported to cause sensitivity to cadmium-mediated inhibition of
growth, survival and reproduction when mutated. Thus, these genes are necessary for cadmium
resistance, since eliminating gene function makes animals vulnerable to cadmium toxicity. These
include genes involved in MAP kinase signaling cascades that appear to be involved in the
response to many types of stress, such as jnk-1, kgb-1, mek-1, and mlk-1. Several reports have
implicated cadmium as an inducer of proteins related to MAPK signaling 48,49,89–92. Several of
these genes were analyzed because their transcripts are induced by cadmium, such as cdr-1, mtl1, mtl-2. pcs-1, and hmt-1 were analyzed because they are predicted to be involved in metal
detoxification. The most important consideration for these genes is the specificity of the
response; however, none of these mutant strains has been demonstrated to be highly specific for
cadmium sensitivity. Thus, further experiments are necessary to clarify the interpretation of these
mutants.
Table 2.2 also lists selected mutants that are similar to wild type in the dose response to
cadmium. These mutants were included because they were candidates to be involved in cadmium
biology, either because transcription of the gene is induced by cadmium or the gene is involved
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in zinc biology or stress resistance. The interpretation is that the gene does not play a substantial
role in cadmium resistance or sensitivity, at least in the assays that were performed.
The function of metallothioneins in zinc homeostasis and cadmium toxicity has yet to be
clearly defined. Metallothioneins are a heterogeneous family of low molecular weight, cysteinerich proteins that are induced by metal exposure and bind transition metals 4,97. In C. elegans,
exposure to cadmium causes accumulation of two proteins that bind cadmium and were named
MTL-1 and MTL- 2 99–101. The purification of these proteins led to the cloning of the genes for
mtl-1 and mtl-2, and the demonstration that these RNAs are induced by cadmium exposure in
intestinal cells 98,101–103. Furthermore, high dietary zinc causes strong activation of mtl-1 and mtl2 transcription (Table 2.1). MTL-1 and MTL-2 proteins have been analyzed biochemically and
bind 7 and 6 ions, respectively, of zinc or cadmium 105. These observations underlie the
hypothesis that metallothioneins sequester and thereby detoxify excess zinc to promote
homeostasis. This hypothesis predicts that loss-of-function mutations will cause hypersensitivity
to high zinc toxicity. However, no substantial hypersensitivity phenotype has been reported.
Some biochemical defects have been noted, since animals with loss-of-function mutations in
both of these genes accumulate zinc and cadmium at a higher level than wild-type animals 105
(Table 2.1). The genetic analysis of mtl-1 and mtl-2 during cadmium toxicity has produced a
range of results, including modest hypersensitivity and similarity to wild type 119 (Table 2.2).
Whereas the initial analysis of metallothioneins as cadmium binding proteins that are strongly
induced by cadmium exposure suggested the model that they play a prominent role in cadmium
detoxification, these genetic data do not strongly support this model. Several interpretations are
consistent with the current data: (1) Metallothioneins function in cadmium sequestration and
detoxification, but other factors act redundantly, and therefore the mutant strains do not display
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substantial hypersensitivity. (2) Metallothioneins function to promote excretion of zinc and
cadmium, as suggested by the accumulation of metals in the mutant strain. (3) Metallothioneins
perform an undefined function when bound to zinc, but these proteins become dysfunctional
when bound to cadmium, consistent with the general model that cadmium displaces zinc binding
to multiple proteins and causes protein dysfunction. This model explains why mutants lacking
metallothionein are similar to wild-type animals that have high levels of metallothionein proteins
bound to cadmium. Further studies are necessary to define the functional significance of the
dramatic induction of metallothionein genes.
A large effort has been made to adapt C. elegans as an organism that can be added to
samples, such as soil, to easily assess their content of toxic compounds. In the development of
these approaches, cadmium has frequently been used as a positive control. These studies indicate
that cadmium can activate transcription of reporter genes such as hsp-16.1 1,3,19–27,29,9,30–34,36,40–
43,10,44,45,170,11,13–17

.

2.7 Zinc transporters
There are two well-characterized families of transmembrane zinc transporters in animals: the
cation diffusion facilitator (CDF, ZnT) and the Zrt, Irt-Like proteins (ZIP). Animals typically
contain multiple family members that are expressed in specific cell types and localized to
specific subcellular locations. ZIP proteins increase the cytoplasmic concentration of zinc by
localizing to the plasma membrane and importing zinc or by localizing to intracellular vesicles
and liberating zinc. By contrast, CDF proteins reduce the cytoplasmic concentration of zinc by
exporting zinc across the plasma membrane or sequestering zinc in intracellular vesicles. The C.
elegans genome encodes 14 predicted members of both the ZIP and the CDF family. Four CDF
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proteins have been analyzed in C. elegans, whereas 10 CDF proteins and 14 ZIP proteins have
yet to be characterized 146,171–173.

2.7.1 CDF-1
The first CDF protein characterized in C. elegans was CDF-1. The cdf-1(n2527lf) mutation was
identified in a forward genetic screen for abnormal vulval formation 174. As described in the next
section, CDF-1 functions in Ras-mediated signaling during vulval cell fate determination. The
CDF-1 protein is most similar to human ZnT-1, which is localized to the plasma membrane and
functions to efflux zinc 157. Consistent with the model that these proteins are homologous, ZnT-1
expressed in transgenic worms can rescue the cdf-1(lf) mutant phenotype. Although it was
discovered based on a defect in cell fate determination, genetic analyses of cdf-1 indicate that it
functions in zinc trafficking. cdf-1(lf) mutant animals display hypersensitivity to high levels of
dietary zinc, indicating cdf-1 functions to promote resistance to high zinc (Table 2.1). cdf-1(lf)
mutants display increased total zinc content, indicating cdf-1 promotes zinc efflux or limits zinc
uptake in animals (Table 2.1). CDF-1 protein has been localized by expressing a GFP fusion
protein in transgenic animals; CDF-1::GFP protein is localized to the plasma membrane of
multiple cell types including intestinal and vulval cells. In intestinal cells, CDF-1 localizes to the
basolateral plasma membrane, suggesting it transports zinc from the intestinal cell cytoplasm to
the pseudocoelom for distribution to other cells in the organism (Fig. 2.2A) 146. Consistent with
his model, cdf-1(lf) mutant animals display reduced zinc accumulation in the pseudocoelom as
detected by Zinpyr-1 (Fig. 2.1B, Table 2.1). CDF-1 transcript levels are not regulated by dietary
zinc, and it is unknown whether or how CDF-1 is regulated.
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Fig. 2.2. Localization of CDF family transporters using GFP fusion proteins in transgenic animals. A) CDF1::GFP is localized to the basolateral plasma membrane of intestinal cells. Arrows indicate the intestinal lumen,
and arrowheads indicate CDF-1::GFP on the plasma membrane. Adapted from Roh et al. 146. B) TTM-1B::GFP is
localized to the apical plasma membrane of intestinal cells. Arrows indicate the intestinal lumen. Adapted from
Roh et al. 146. C) CDF-2::GFP is localized to the membranes of lysosome-related intestinal organelles known as
gut granules in C. elegans. In200 mM supplemental zinc, gut granules display bilobed morphology, with one side
positive for CDF-2::GFP and LysoTracker (arrow heads) and the other side positive only for CDF-2::GFP
(arrows). Adapted from Roh et al. 70.

2.7.2 SUR-7
The second CDF family member characterized in worms was sur-7 (suppressor of Ras) 137.
Similar to cdf-1, the sur-7(ku119lf) mutation was discovered in a forward genetic screen for
abnormal vulval cell fates, and genetic analysis indicates that sur-7 activity promotes Rasmediated signaling during vulval development. SUR- 7 protein is not clearly homologous to a
particular vertebrate ZnT protein. Based on expression of a SUR-7::GFP fusion protein in
transgenic animals, SUR-7 protein is expressed in most tissues and is probably localized to the
endoplasmic reticulum. sur-7(lf) mutant animals display sensitivity to high dietary zinc
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compared to wild- type animals, and this sensitivity is metal specific (Table 2.1). Thus, sur-7
activity promotes resistance to high zinc toxicity.

2.7.3 CDF-2
cdf-2 was identified based on sequence similarity to cdf-1 144. CDF-2 protein is most similar to
vertebrate ZnT-2, 3, 4 and 8, which are localized to internal membranes in vertebrate cells 175. A
deletion mutation was generated by the C. elegans knock-out consortium, cdf-2(tm788lf). cdf2(lf) mutant animals display sensitivity to high dietary zinc, indicating cdf-2 functions to promote
resistance to high levels of zinc (Table 2.1). By contrast to cdf-1 mutant animals that have
increased levels of total zinc content, cdf- 2 mutant animals have decreased levels of total zinc
content compared to wild-type animals (Table 2.1). Thus, cdf-2 functions to promote zinc
accumulation. Based on expression of a CDF-2::GFP fusion protein in transgenic animals, CDF2 is expressed in intestinal cells and localizes to the membrane of lysosome-related organelles,
known as gut granules in C. elegans (Fig. 2.2C). These observations support the model that
CDF-2 functions to detoxify excess zinc by transporting it into lysosome-related organelles (gut
granules) of the C. elegans intestine. Consistent with this model, cdf-2(lf) mutants display
reduced zinc accumulation in lysosome-related organelles based on the Fluo-Zin3 staining 70,144
(Table 2.1). cdf-2 expression is induced by high dietary zinc at the level of mRNA and protein
accumulation; the cdf-2 promoter contains a high zinc activation (HZA) enhancer element that is
necessary for the induction of mRNA levels 113. Thus, cdf-2 contributes to high zinc homeostasis
through a negative regulatory circuit: the mRNA and protein are induced by high dietary zinc,
and the protein functions to detoxify excess zinc by storage in lysosome-related organelles 70.
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2.7.4 TTM-1
The ttm-1 (toxin-regulated target of p38MAPK) gene was initially identified as a downstream
target of p38 MAP kinase that is induced in response to pore-forming bacterial toxins 49. In
addition, ttm-1 mRNA was reported to accumulate in response to cadmium exposure 48. Roh et
al. 146 analyzed the function of ttm-1 in zinc biology because it is highly related to cdf-2. The ttm1 locus contains two transcriptional start sites and generates two mRNAs, ttm-1a and ttm-1b, that
encode proteins with unique N-terminal regions and identical C-terminal regions. A deletion
mutation generated by the C. elegans knock-out consortium, ttm- 1(ok3503lf), affects the
function of both protein isoforms. ttm-1(lf) mutant animals display higher total zinc content
compared to wild-type animals, indicating ttm-1 functions to promote zinc excretion or limit zinc
uptake (Table 2.1). Consistent with this model, ttm-1 mutant animals have elevated levels of
metallothionein mRNA, and these genes are positively regulated by high zinc levels (Table 2.1).
ttm-1 mutant animals display elevated zinc levels in the pseudocoelom, as determined by Zinpyr1 staining (Fig. 2.1B, Table 2.1). The ttm-1(lf) mutation causes sensitivity to high dietary zinc;
however, the phenotype is observed in the cdf-2 mutant background but not the WT background
(Table 2.1). Thus, ttm-1 functions to promote resistance to high dietary zinc but acts redundantly
with cdf-2. Based on GFP fusion proteins expressed in transgenic animals, TTM-1A is expressed
in the hypodermis and intestine, while TTM-1B is expressed in multiple tissues including the
intestine, seam cells, hypodermis, and vulva. Within intestinal cells, the two proteins display
different subcellular localization: TTM-1A localizes to vesicles, but does not co-localize with
lysosomal markers, and therefore is not on the same organelles as CDF-2. TTM-1b localizes to
the apical plasma membrane of intestinal cells, indicating it functions to excrete zinc into the
intestinal lumen (Fig. 2.2B). ttm-1b transcription is regulated by high dietary zinc; ttm-1b mRNA
levels increase in animals exposed to high dietary zinc, but this regulation is only observed in
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intestinal cells. The ttm-1b promoter contains a HZA enhancer that is necessary for this
regulation 113. By contrast, ttm-1a mRNA levels are not regulated by high dietary zinc. Based on
these observations, TTM-1B and CDF-2 function in parallel to promote zinc detoxification;
TTM-1B is localized to the apical plasma membrane and promotes zinc excretion, whereas CDF2 is localized to lysosome-related organelles and promotes zinc storage 146.
The analysis of CDF-1, CDF-2, TTM-1 and SUR-7 in C. elegans has begun to elucidate
how CDF family transporters function in a coordinated manner in intestinal cells and throughout
the body. ttm-1b and cdf-2 promote detoxification by enhancing excretion and storage,
respectively. cdf-1 promotes the distribution of zinc from intestinal cells into the body cavity to
supply other tissues (Fig. 2.3A). The 14 members of the ZIP family of zinc transporters remain
largely unexplored in C. elegans. The analysis of ZIP transporters is an important future
objective that will enhance the understanding of zinc import and mobilization in worms.

2.8 Zinc binding molecules
It is established that many zinc ions are stably bound to proteins, such as zinc-finger transcription
factors and zinc-requiring enzymes. An important issue that is not well defined is what
molecules, if any, bind zinc before and after it is stably incorporated into these proteins. What
molecules bind zinc as it moves through the cytosol, when it is sequestered in organelles, and as
it moves through intercellular spaces in the animal? What molecules interact with the “labile”
pool of zinc that is visualized by zinc dyes? One answer that emerged from studies of C. elegans
is that the amino acid histidine chelates zinc in vivo. Bruinsma et al. 143 performed an unbiased
forward genetic screen for mutant animals that are resistant to high levels of dietary zinc, and
Murphy et al. 154 identified histidine ammonia lyase (haly-1) as one of the affected genes. haly1(lf) mutants are highly resistant to zinc toxicity, indicating haly-1 activity promotes zinc
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Fig. 2.3. A) A molecular model of zinc trafficking and homeostasis in intestinal cells. Dietary zinc enters
intestinal cells by an unidentified transporter. CDF-1 functions to distribute zinc to the body cavity
(pseudocoelom) to supply other cell types. High levels of intestinal zinc increase the levels of TTM-1B and CDF2. TTM-1B excretes zinc into the intestinal lumen. CDF-2 functions to store zinc in lysosome-related organelles
known as gut granules. SUR-7 is not shown because it was not reported to be expressed in intestinal cells 137.
Adapted from Roh et al. 146. B) A model of the genetic pathway of bilobed gut granule formation. Glo genes act
in both gut granule biogenesis and in the transition to bilobed morphology in response to high zinc. CDF-2 is not
necessary for the formation of bilobed morphology but is required for the accumulation of zinc in these bilobed
organelles. Adapted from Roh et al. 70. C) A genetic model of zinc homeostasis mediated by a parallel negative
feedback circuit. High levels of cytoplasmic zinc activate transcription of ttm-1b and cdf-2, resulting in higher
levels of TTM-1B and CDF-2 proteins, which lower the cytoplasmic zinc level by excretion and sequestration,
respectively. Adapted from Roh et al. 146.

sensitivity (Table 2.1). haly-1 encodes an enzyme that converts histidine to urocanic acid, the
first step in histidine breakdown. haly-1 mutant animals display elevated levels of histidine and
are resistant specifically to zinc and nickel toxicity, whereas they are not resistant to toxicity
caused by other metals. These findings suggest that histidine chelates zinc and reduces the
toxicity of excess zinc; in haly-1 mutants, histidine accumulates and provides protection against
excess zinc. In other words, haly-1 activity makes worms vulnerable to zinc toxicity by reducing
levels of histidine, which is a zinc binding chelator. Consistent with this model, dietary histidine
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can also promote resistance to zinc and nickel toxicity 154. These studies suggest that endogenous
histidine functions as a zinc chelator.

2.9 Roles for zinc during cell fate determination
Zinc has been implicated in two cell fate decisions in C. elegans: differentiation of the primary
vulval cell fate and activation of sperm. These studies raise the possibility that zinc functions as a
signaling molecule during specific cell fate determination events.

2.9.1. Vulval development
The C. elegans vulva is a specialized epithelial structure that connects the gonad to the
environment; it is used for egg-laying and sperm entry. Studies of vulval formation made
pioneering contributions to understanding how the interplay of signaling pathways establishes
patterns of cell fates during development 176. During the third larval stage, the anchor cell of the
somatic gonad signals to the epithelial blast cell P6.p using an evolutionarily conserved receptor
tyrosine kinase (RTK)-Ras-extracellular-signal-regulated kinase (ERK) signaling pathway 177
(Fig. 2.4). In response to this signal, P6.p adopts the primary vulval cell fate, which means
generating eight descendants and forming the innermost portion of the vulva. Forward genetic
screens for animals with abnormal vulval formation identified core signaling proteins as well as
modulators of the signaling pathway. Unexpectedly, these screens identified two CDF family
zinc transporters, cdf-1 and sur-7. Loss- of-function mutations in both genes were identified as
suppressors of the multivulva (Muv) phenotype caused by an activating mutation of let-60 Ras
137,157,174,177

. Thus, the activity of these genes promotes the RTK-Ras-ERK signaling pathway

that specifies the primary vulval cell fate. As described above, CDF-1 and SUR-7 are involved in
zinc metabolism in C. elegans, as cdf-1(lf) and sur-7(lf) animals are hypersensitive to high levels
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Fig. 2.4. Zinc inhibits Rasmediated signaling during
vulval development.
Epidermal growth factor
(LIN-3) secreted by the
anchor cell activates the
epidermal growth factor
receptor (LET-23) in the
vulval precursor cell P6.p.
The highly conserved signal
transduction pathway
includes the SH2 adaptor
(SEM-5), the guanine
nucleotide exchange factor
(SOS-1), the small GTPase
Ras (LET-60), the protein
kinases Raf (LIN-45), MEK
(MEK-2) and ERK (MPK1), and the ETS domain
transcription factor (LIN-1).
Activation of the pathway
promotes the primary vulval
cell fate in P6.p 164,165,292.
The activity ofCDF-1 and
SUR-7 promote signaling,
likely by reducing the level
of cytoplasmic zinc, and
genetic and molecular
studies indicate the site of
action is downstream of Ras
and upstream of ERK 137,162.

of dietary zinc 137,157 (Table 2.1). These observations led to the model that zinc regulates Rasmediated signaling.
A critical question is the mechanism whereby zinc regulates Ras-mediated signaling.
Genetic studies indicate cdf-1 is necessary and sufficient to promote Ras-mediated signaling,
because a cdf-1(lf) mutation decreases Ras-mediated signaling whereas cdf-1 overexpression
increases Ras-mediated signaling 157. This regulatory circuit appears to be conserved during
evolution, because overexpression of C. elegans cdf-1 or vertebrate ZnT-1 stimulates Rasmediated signaling in Xenopus oocytes. Genetic epistasis experiments in worms indicate that cdf34

1 functions downstream of let-60 Ras and upstream of the lin-1 ETS transcription factor; this
portion of the signaling pathway includes core signaling proteins Raf, MEK, and ERK and the
modulator KSR. Epistasis experiments in Xenopus suggest that CDF proteins function upstream
of ERK and promote ERK phosphorylation. The effects of CDF protein are likely to be mediated
by controlling the concentration of zinc, because high dietary zinc decreases Ras-mediated
signaling in worms (Table 2.1) and physiological concentrations of zinc ion decrease Rasmediated signaling when injected into Xenopus oocytes. Overall, the evidence indicates that high
levels of cytoplasmic zinc inhibit the signal transduction pathway downstream of LET-60 Ras
but upstream of MPK-1 ERK, and CDF proteins increase Ras-mediated signaling by reducing
the level of cytoplasmic zinc (Fig. 2.4). Precisely how zinc inhibits the signal transduction
pathway has yet to be defined. Yoder et al. 137 proposed that zinc regulates phosphorylation of
KSR-1. Jirakulaporn et al. 178 proposed that CDF proteins bind directly to Raf-1 and increase its
activity. Further studies are necessary to define the mechanism of action.

2.9.2 Sperm activation
The generation of mature, motile sperm cells in C. elegans involves a series of cell
differentiation stages. The final step is called sperm activation (spermiogenesis), and it occurs
when immotile spermatids enter the hermaphrodite spermatheca, a part of the uterus; this is a cell
differentiation process in which the immotile, round spermatid undergoes a series of
physiological changes to become a motile, fertilization competent spermatozoa 179–181. C. elegans
sperm lack flagella, so instead of swimming, mature sperm display amoeboid cell motility and
crawl towards oocytes. While morphologically distinct from mammalian sperm that have
flagella, both C. elegans and mammalian sperm need to be “activated” to gain mobility,
suggesting aspects of this process may be evolutionarily conserved. Critical questions in the field
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are: (1) What is the signal(s) in the hermaphrodite spermatheca that stimulates sperm activation?
(2) What is the corresponding signal transduction pathway in the spermatid? One approach to
address these questions has been genetic analysis, and several genes have been identified that are
necessary for sperm activation, including spe-8. In addition, several molecules have been
demonstrated to activate sperm in vitro 182–185. Recently, Liu et al. 147 demonstrated that exposure
of dissected sperm in vitro to high concentrations of extracellular zinc induces sperm activation
(Table 2.1). The effect appears to be metal specific, since other divalent cations did not cause
activation. This in vitro activation is SPE-8 pathway dependent, since sperm with mutations in
spe-8 pathway genes fail to be activated (Table 2.1). Staining with the zinc dye Zinpyr-1
revealed a change in the pattern of labile zinc in spermatozoa compared to spermatids, indicating
that intracellular zinc may be redistributed during sperm activation. Furthermore, Zinpyr-1
staining revealed high levels of zinc in the spermatheca of hermaphrodites and the seminal
vesicle of male gonads 147. Liu et al. 147 speculate that zinc might have first and/or second
messenger roles during sperm activation. This is an exciting possibility, but further studies are
necessary to critically test this hypothesis.

2.10 Zinc and cadmium-regulated transcription
The level of environmental zinc influences transcription of specific genes in yeast and vertebrate
cultured cells, suggesting a transcriptional response promotes zinc homeostasis in these
organisms. Davis et al. 144 reported that cdf-2 transcript levels are induced by high levels of
dietary zinc, demonstrating that zinc also regulates transcription in worms (Table 2.1). Roh et al.
146

identified three additional transcripts that accumulate in response to high levels of dietary

zinc, the CDF gene ttm-1b and the metallothionein genes mtl-1 and mtl-2 (Table 2.1).
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Cadmium exposure also causes changes in gene expression, and the first cadmium target
genes identified in C. elegans were metallothioneins (Table 2.2). Cui et al. 48 used the technique
of microarrays to identify many genes that are regulated by cadmium. Furthermore, candidate
gene approaches have identified additional cadmium induced genes such as hsp-16 (Table 2.2).
Roh et al. 113 investigated the mechanism of transcriptional activation by high dietary
zinc and cadmium. Bioinformatic approaches demonstrated that the promoters of cdf-2, ttm-1b,
mtl-1, and mtl-2 contain a similar sequence that was named the HZA. For the genes cdf-2, mtl-1,
and mtl-2, the HZA is evolutionarily conserved in four other nematode species, indicating the
sequence is functionally significant. The expression of these four genes is also increased by
cadmium exposure, and 25 other cadmium activated genes contained a version of the HZA in the
promoter region 113. These sequences were used to determine a position weight matrix of 14 base
pairs that has the signature CAXAAAC (Fig. 2.5A). These discoveries led to the hypothesis that
the HZA functions as an enhancer to mediate transcriptional activation in response to high levels
of zinc or cadmium.
To investigate the function of the HZA element, Roh et al. 113 established an in vivo assay
by fusing the promoters of these zinc activated genes upstream of the coding sequence of green
fluorescent protein (GFP) and expressing these constructs in transgenic worms. Site directed
mutagenesis demonstrated that the HZA element was necessary for the induction of GFP in high
dietary zinc (Fig. 2.5B). Furthermore, 62 bases of the mtl-1 promoter containing the HZA was
sufficient to confer high zinc activation on a basal promoter. Thus, the HZA is both necessary
and sufficient to mediate transcriptional activation in response to high dietary zinc.
Bioinformatic approaches were used to search the genome for HZA enhancers, and additional
genes that are activated by high dietary zinc were identified. This experiment expanded the
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Fig. 2.5. A) A position weight matrix of the HZA element discovered in the promoters of 29 C. elegans genes
induced by high zinc and/or cadmium. B) Diagrams show the wild-type mtl-1 promoter fused to GFP and a mutant
promoter lacking the HZA element; images show the wild type promoter is activated by 200 mM supplemental
zinc, resulting in a green worm, whereas the mutant promoter is not activated. C) A model of transcriptional
activation in response to high dietary zinc. The ELT-2 transcription factor binds the GATA element, an unknown
transcription factor (X) binds the HZA, and a transcriptional activation complex that includes the mediator subunit
MDT-15 is assembled. The GATA element can be present up to 12 bases away and can be in either orientation
with respect to the HZA element. Adapted from Roh et al. 113.

number of experimentally validated zinc activated genes in worms and documented the
predictive value of the HZA enhancer.
Transcriptional activation in response to high dietary zinc is tissue specific, since it only
occurs in intestinal cells. The transcription factor ELT-2 is a master regulator of intestinal gene
expression and binds to the sequence GATA in the promoters of all intestinal genes. Moilanen et
al. 112 demonstrated that the mtl-1 and mtl-2 genes are induced by cadmium specifically in
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intestinal cells, and this response requires GATA elements in the gene promoter and the activity
of the transcription factor ELT-2 (Table 2.2). Roh et al. 113 noted that a GATA element was
adjacent to the HZA element in all four zinc activated promoters; the GATA element was
separated by up to 12 bases and could be in either orientation with respect to the HZA element.
Site-directed mutagenesis studies demonstrated that the GATA element was necessary for zincactivated transcription in intestinal cells, although it was not necessary for expression in other
cell types. These findings indicate that the HZA element mediates the high zinc and cadmium
response while the GATA element mediates the intestinal cell specificity of the response.
Two proteins have been experimentally demonstrated to be necessary for the
transcriptional response to high zinc and cadmium: ELT-2 and MDT-15 (Tables 2.1 and 2.2).
ELT-2 is likely to bind the GATA element and confer intestinal specific expression. The elt-2
gene is necessary for cadmium induced activation of mtl-1 and mtl-2 112 and for zinc-activated
transcription of mtl-1 113. MDT-15 is a mediator subunit that plays an important role in
transcriptional regulation in the intestine, and the mdt-15 gene is necessary for cadmium and zinc
activated transcription of several genes including mtl-1, cdr-1, and cdf-2 113,129. The current
model is that high dietary zinc results in a zinc sensing transcription factor binding the HZA,
which interacts with ELT-2 protein that binds the GATA element and the mediator complex to
promote transcriptional activation (Fig. 2.5C). The zinc sensing transcription factor that binds the
HZA has not been described. Transcription factors that mediate the response to zinc have been
characterized in several eukaryotes. The metal-responsive-element-binding transcription factor-1
(MTF-1) is a transcription factor that is activated by high zinc and binds to a metal regulatory
element known as the MRE in mammals 186,187. In Saccharomyces cerevisiae the zinc-responsive
activator protein-1 (ZAP1) activates expression of genes in low zinc conditions and is repressed
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by high zinc 188. The Loz1 transcription factor is necessary for repression of genes in zinc-replete
cells in Schizosaccaromyces pombe 189. The C. elegans genome does not encode proteins that are
clearly homologous to any of these well-described transcription factors. The identification of the
HZA-binding protein in worms will be important to further elucidate zinc and cadmiumactivated transcription. Another important future goal in understanding zinc-regulated
transcription is the identification of the complete set of genes regulated by high dietary zinc.
Finally, the transcriptional response to low dietary zinc has not been described, and this is likely
to be important for understanding how these animals respond and adapt to limiting zinc
environments.

2.11 Zinc homeostasis
Animals such as C. elegans are confronted with varying availability of zinc in the environment
and the diet. Because zinc is both necessary for survival and toxic in excess, homeostatic
mechanisms have evolved to cope with this variability. Homeostasis is likely to occur at multiple
levels: one level of control is the amount of zinc inside the animal. A second level of control is
the distribution of zinc within the animal. Davis et al. 144 measured total zinc content and growth
rate of animals in response to variable levels of dietary zinc. These studies showed that growth
rate is relatively constant over a wide range of dietary zinc, which indicates functional
homeostasis. However, the total zinc content is proportional to dietary zinc over much of this
range (Fig. 2.1A). Thus, homeostasis is not primarily achieved by holding the total animal zinc
content at a constant value.
The main insights into zinc homeostasis in C. elegans are based on studies of high zinc activated
transcription of cdf-2 and ttm-1b. These genes are activated by high dietary zinc in intestinal
cells, which appear to be the main site of zinc homeostasis in C. elegans. The intestine is the first
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point of entry of zinc for the entire body, and intestinal cells contain regulatory systems to
uptake, store, distribute and excrete zinc (Fig. 2.3A). ttm-1b and cdf-2 form a parallel negative
feedback loop that promotes zinc homeostasis 146. CDF-2 expression is increased by high
cytoplasmic zinc; the CDF-2 protein localizes to lysosome-related organelles and functions to
store zinc, which decreases the level of cytoplasmic zinc. Thus, CDF- 2 is part of a negative
feedback circuit. Interestingly, the lysosome-related organelles, which are called gut granules in
C. elegans, change morphology in response to high dietary zinc (Fig. 2.3B). In worms cultured in
standard medium, the gut granules are round; however, in worms cultured in high zinc, the gut
granules display a bilobed shape (Fig. 2.2C). One lobe stains strongly with the zinc dye Fluozin3, suggesting this lobe is specialized for zinc storage. The other lobe is stained by lysosomal
markers. The gut granules are necessary for zinc storage and resistance to high zinc, because
loss-of-function mutations in genes required for gut granule biogenesis (glo-1, glo-3, pgp-2)
cause decreased zinc storage and hypersensitivity to high zinc toxicity (Fig. 2.3B, Table 2.1).
Gut granules provide a source of zinc when animals encounter zinc limiting conditions 70. Thus,
gut granules play a dual role in zinc homeostasis by sequestering excess zinc as a mechanism of
detoxification and providing a source of zinc to promote survival in low zinc environments.
Similar to CDF-2, TTM-1B forms a negative feedback circuit that maintains levels of
cytoplasmic zinc. Transcription of ttm-1b is activated by high levels of cytoplasmic zinc in
intestinal cells, and TTM-1B protein is localized to the apical plasma membrane and functions to
excrete zinc into the intestinal lumen, thereby reducing the level of cytoplasmic zinc. Thus,
TTM-1b is part of a negative feedback circuit. The negative feedback loops defined by cdf-2 and
ttm-1b function in parallel and are partially redundant (Fig. 2.3C). Double mutants lacking both
cdf-2 and ttm-1 are much more sensitive to high zinc than either single mutant 146.
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2.12 Concluding perspective
It is an exciting time in the field of zinc biology, because fundamental mechanisms are now
being uncovered that control trafficking and homeostasis. The nematode C. elegans is an ideal
model system for such investigations because it combines powerful experimental tools and the
advantages of studying physiology in an intact animal. Continuing improvements in genetic
techniques and methods to measure and visualize zinc dynamically will enable powerful new
approaches, and this system is poised to lead the way in understanding mechanisms of zinc
homeostasis and the role of zinc signaling in cell fate determination.

42

Chapter 3: Zinc homeostasis and signaling in
the roundworm C. elegans
This chapter presents the contents of an article of the same name published in 2020 in the
journal, Biochimica and Biophysica Acta – Molecular Cell Research to which I contributed as
the first author with co-authors Adelita Mendoza, Chieh-Hsiang Tan, and Kerry Kornfeld. My
role in this review was to prepare the first draft of the introduction, the high zinc homeostasis
section, the outlook, the figures and figure legends, and to revise the final draft.

3.1 Abstract
C. elegans is a powerful model for studies of zinc biology. Here we review recent discoveries
and emphasize the advantages of this model organism. Methods for manipulating and measuring
zinc levels have been developed in or adapted to the worm. The C. elegans genome encodes
highly conserved zinc transporters, and their expression and function are beginning to be
characterized. Homeostatic mechanisms have evolved to respond to high and low zinc
conditions. The pathway for high zinc homeostasis has been recently elucidated based on the
discovery of the master regulator of high zinc homeostasis, HIZR-1. A parallel pathway for low
zinc homeostasis is beginning to emerge based on the discovery of the Low Zinc Activation
promoter element. Zinc has been established to play a role in two cell fate determination events,
and accumulating evidence suggests zinc may function as a second messenger signaling
molecule during vulval cell development and sperm activation.

3.2 C. elegans as a model system to study zinc biology
Beginning with his landmark publication in 1974 titled “The Genetics of Caenorhabditis
elegans”, Sydney Brenner established ‘the worm’ as a biomedical model organism 142. Brenner
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chose C. elegans because it has intrinsic properties that are useful for experimental work: a small
number of cells, simple anatomy, and transparency facilitate phenotypic and microscopic
analyses; small size, rapid generation time, and a hermaphrodite/male sexual system facilitate
genetic analysis; and a compact genome facilitates molecular analysis. Many followed Brenner's
lead, and since 1974 thousands of researchers have contributed to tens of thousands of articles
using C. elegans to study fundamental biological processes.

3.2.1 Anatomy
Like humans, C. elegans is a multicellular animal, but it is anatomically streamlined.
Remarkably, the pattern of cell divisions during development is highly reproducible between
different individuals, making it possible to map each cell division. The adult C. elegans
hermaphrodite contains 959 somatic cell nuclei, and the full lineage diagram has been
established 132,190,191 The simple anatomy of the animal can be described as a tube within a tube;
the exterior tube consists of epithelial cells covered by a hard cuticle made of material
reminiscent of a fingernail, and the interior tube consists of endothelial cells that compose the
digestive tract, including the pharynx and intestine (Figure 3.1). Adult C. elegans has 20
intestinal cells comprising 30-34 intestinal nuclei, and these cells compose roughly one third of
the total somatic mass 192. The first control of zinc homeostasis occurs in intestinal cells, and one
focus of this review is studies of zinc homeostasis in these cells.
In the space between the epithelial cells and intestine, these worms contain muscles,
neurons and the gonad (Figure 3.1). Hermaphrodites contain two gonad arms that are joined at
the vulva near the middle of the worm on the ventral surface; the vulva is a specialized epithelial
structure for egg laying and male mating. The hermaphrodite gonad initially produces sperm,
which are stored in the spermatheca, and then switches to produce oocytes. In a self-fertile
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Figure 3.1: The body plan of C. elegans. (A) Brightfield images of an adult C. elegans hermaphrodite and a
recently laid egg. Scale bar = 0.1 millimeters. (B) Diagram highlighting major anatomical features relevant to zinc
biology. The digestive tract begins at the mouth where food enters the pharynx (white). Bacterial food is ground in
the pharynx and then enters the intestinal lumen (central line). Nutrients are absorbed from the lumen into
intestinal cells (blue), and molecules can be excreted from intestinal cells into the lumen. Defecation occurs at the
rectum. The germ line is composed of two gonad arms (purple). From the distal tips of the gonad arms, germ cells
travel toward the vulva. During the fourth larval stage of development, hermaphrodite germ cells differentiate into
spermatocytes. These spermatocytes are stored in the spermathecae in each gonad arm. Following the fourth larval
stage, hermaphrodite germ cells differentiate into oocytes. As each oocyte passes through the spermatheca, the
oocyte is fertilized by a spermatocyte and becomes a fertilized embryo. Embryos enter the uterus (fuchsia), where
embryos develop a hardened shell and cell divisions progress rapidly. Developing embryos are laid into the
environment, at which point they are termed eggs. Within 3 days of hatching, eggs develop into reproductively
mature adults.

hermaphrodite, oocytes are fertilized as they pass through the spermatheca, producing about 300
progeny in their adult life. This remarkable quality makes C. elegans an exceptionally powerful
animal for genetic analysis. One focus of this review is the emerging roles of zinc in the function
of the gonad.

3.2.2 Genome and Genetics
C. elegans was the first multicellular animal to have a completely sequenced genome 151.
This landmark accomplishment facilitated a wide range of genetic discoveries in worms and set
the stage for the human genome project. The C. elegans genome is composed of 6 chromosomes:
5 autosomes and a sex chromosome, which yields XX hermaphrodites and XO hemizygous
males. The genome contains about 20,000 genes, and many C. elegans genes have predicted
orthology with human genes 193. Due to the short generation time, simple culture techniques, and
the power of hermaphrodite genetics, C. elegans has become a workhorse for genetic studies.
Genetic discoveries are accelerated by the collegial community of C. elegans researchers who
routinely share strains and reagents and the Caenorhabditis Genetics Center, based at the
University of Minnesota, which stores and distributes tens of thousands of strains annually to
researchers worldwide. The vast array of existing genetic reagents, coupled with many methods
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developed to create new genetic reagents, such as CRISPR-Cas 9 genome editing, makes it
possible to use C. elegans to rapidly address a wide range of experimental questions.

3.2.3 Methods for studying zinc biology – manipulating dietary zinc and
measuring zinc levels and distribution
Zinc is a redox inactive di-cation in physiological conditions, and this chemical
characteristic allows zinc to perform a wide range of essential biological functions. As such, the
homeostasis of zinc is important for the basic biological functions of all organisms, including
microbes, plants and animals such as C. elegans. C. elegans is a hardy soil nematode that thrives
in the laboratory. Because C. elegans is surrounded by a cuticle, the predominant entry point for
nutrients and chemicals is via the mouth, which is the entry point for bacterial food, followed by
absorption by intestinal cells. The most common culture conditions are solid agar in a Petri dish
with a lawn of bacteria as a food source. C. elegans can also be cultured in liquid medium using
bacteria as a food source. These simple culture conditions are convenient and make it possible to
manipulate environmental and dietary factors, but they also have limitations. The standard
medium contains peptone and agar, which are both undefined sources of a variety of trace
elements that are known to be essential for worms and humans, including iron, copper,
manganese, and zinc. To address the uncertainties of an undefined mixture of nutrients, C.
elegans Maintenance Media (CeMM), a fully-defined liquid medium that permits bacteria-free
experiments has been developed. Because each essential metal must be added to CeMM, it is
possible to prepare modified versions of this medium that have lower or higher concentrations of
specific metals, including the complete absence of one or more metals 145,194. However, CeMM
has limitations: it is expensive, prone to bacterial contamination, and although it permits
indefinite culture, worms are thin and slow growing in this medium, suggesting it is less
nutritious than bacteria.
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The community of zinc biologists has developed an array of methods for studying zinc,
and here we describe how some of these methods have been adapted or applied to C. elegans.
The study of zinc biology in C. elegans requires the ability to manipulate dietary zinc, both by
increasing and decreasing the concentration in the diet. In initial experiments designed to
increase dietary zinc, supplemental zinc was added to Nematode Growth Medium, the standard
solid agar medium 157. However, the results were inconsistent because zinc tends to precipitate in
this medium. To minimize precipitation, Noble Agar Minimal Media (NAMM) was developed
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. NAMM lacks phosphate buffers, which tend to precipitate with zinc in solution. NAMM

supplemented with zinc yields consistent results with increasing concentrations of zinc (Figure
3.2B). However, NAMM requires a bacterial food source, which is an undefined source of zinc.
CeMM can be used to provide a defined amount of zinc in the medium, and Davis et al.
manipulated the concentration of zinc in CeMM to demonstrate that zinc toxicity occurs at high
concentrations 144 (Figure 3.2A). Two approaches have been used to decrease the level of dietary
zinc. Davis et al. manipulated the concentration of zinc in CeMM to reduce dietary zinc,
revealing that zinc is an essential nutrient in C. elegans 144 (Figure 3.2A). A more convenient but
less well defined approach is to use the zinc chelator N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2ethanediamine (TPEN), which can cross cellular membranes and is considered an intracellular
zinc chelator 70,195–197. This chelator can be added to NGM or NAMM medium, and it causes
dose dependent zinc deficiency. For example, Figure 3.2C shows the effects of TPEN on oocyte
cell divisions. Reducing the amount of zinc in the diet using defined medium is the gold standard
approach for generating zinc deficiency. By contrast, chelators compete with endogenous
molecules for binding to zinc that is inside the animal, and chelators are likely to have different
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Figure 3.2: Methods to manipulate dietary zinc and quantify and visualize zinc in C. elegans. (A) Wild-type
worms were cultured in CeMM with different concentrations of added zinc, and maturation was scored by visual
inspection. Zinc is necessary for maturation, and high levels of zinc cause toxicity. Adapted from Davis et al., (2009)
144
. (B) Wild type and hizr-1 loss-of-function mutant worms were synchronized as embryos, cultured with the
indicated concentrations of supplemental zinc on NAMM for 3 days, and the length of individuals was measured.
High levels of zinc inhibit growth, and this is a sensitive method for identifying phenotypic differences in mutants.
Adapted from Warnhoff et al., (2017) 110 (C) Embryos were dissected from untreated worms into medium containing
0 (control) or 10 μM TPEN; images are frames from time lapse movies of worms expressing GFP::tubulin and
GFP::histone to visualize spindle dynamics. TPEN produces zinc deficient conditions and causes significant delays
and abnormalities in cell division. Red arrowheads indicate pronuclei of prophase. Scale bar = 10 μm. Adapted from
Mendoza et al., (2017) 196. (D) Zinc content of mixed-stage wild-type animals. Worms were cultured in CeMM with a
range of added zinc, shown on a logarithmic scale. The zinc content was determined by ICP-MS (ppm, closed green
circles), or radiolabeled Zn-65 (average ng zinc/µg protein, open green circles). Animals cultured in CeMM with
increasing concentrations of zinc display an increase in zinc content. Adapted from Davis et al., (2009) 144. (E)
Fluorescence images of live wild-type hermaphrodites cultured with FluoZin-3 and the indicated levels of
supplemental zinc and TPEN. Panels display the anterior half of the intestine of a single animal with pharynx to the
left and tail to the right. Scale bar = 50 µm. The FluoZin-3 signal increases with zinc supplementation and decreases
with addition of TPEN. Adapted from Roh et al., (2012) 70. (F) Wild-type animals cultured for 48 hours on NGM with
0 or 500 µM supplemental zinc and assayed for zinc accumulation with spatial resolution by X-ray fluorescence
imaging (XFI) at the Stanford Synchrotron Radiation Laboratory. The false color scale indicates the levels of zinc at
different positions in the animal. Scale bar = 100 µm. Adapted from Essig et al., (2016) 126

concentrations in different cells and subcellular compartments, complicating the interpretation of
chelators as a means to achieve zinc deficiency.
A second critical technique for studies of zinc biology is the ability to measure the level
and distribution of zinc. Several methods have been employed in C. elegans. The level of zinc
can be quantified using inductively coupled plasma mass spectrometry (ICP-MS), a sensitive
method that can measure the level of many different elements. This method requires a large
sample size (thousands of worms), and it provides no spatial information (Figure 3.2D) 144,198. In
addition, the level of zinc can be quantified using radioactive zinc, which also requires many
worms and provides no spatial information. There are five stable isotopes of zinc, and many
synthetic radioactive isotopes. The only experimentally useful radioactive isotope is Zinc-65,
which has a half-life of 244 days. Zn-65 radioactivity can be measured in samples of Zn-65
treated worms, and the specific activity of the Zn-65 can be used to calculate the amount of zinc
50

in the sample 144. For both ICP-MS and radioactive Zn-65, the amount of zinc must be
normalized to the amount of sample, which adds another measurement variable to the
experiment. For the data shown in Figure 3.2D, the ICP-MS data is normalized to dry weight
(parts per million), whereas the measurement with radioactive Zn-65 is normalized to the protein
concentration of the sample (ng zinc per µg protein).
To determine the spatial distribution of zinc, the most useful tools are dyes that emit
fluorescence when bound to zinc. The development of these dyes is reviewed in this special issue
and previously 199,200. Two fluorescent dyes have been used successfully in C. elegans: FluoZin3 and Zinpyr-1. FluoZin-3 stains lysosome-related organelles in intestinal cells, which are also
called gut granules 70 (Figure 3.2E). Zinpyr-1 stains the pseudocoelom and developing sperm
cells 146,147,201. Fluorescent dyes are easy to use and permit live imaging in transparent worms.
However, they have significant limitations: they compete for binding with endogenous
molecules, and thus only reveal “labile” zinc. The baseline distribution of the dye is not known,
so a negative result can be interpreted as an absence of labile zinc or an absence of the dye.
Finally, the sophisticated method of X-ray fluorescence allows both quantification and spatial
resolution 126,202 (Figure 3.2F). However, this technique requires specialized equipment that is
only available at National laboratories and thus is not practical for routine analysis.

3.3 C. elegans contains conserved members of the
ZnT/CDF/SLC30A and ZIP/SLC39 families of zinc
transporters.
As a positively charged ion, zinc cannot diffuse across membranes. Thus, transporters play an
essential role in zinc trafficking. In animals, zinc transporters belong to two main families: the
ZnT/CDF/SLC30A family of zinc exporters, and the ZIP/SLC39 family of zinc importers 172.
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These families are highly conserved, and members have been identified in bacteria, yeast, fruit
flies, zebrafish, plants, nematodes, mouse and humans. Members of these families have been
documented to transport zinc, iron, and manganese, so experimental evidence is required to
determine the specificity of any given family member. Members of the ZIP/SLC39 family
generally possess eight transmembrane domains with a cytoplasmic region between
transmembrane domains III and IV 203. These transporters increase the concentration of metal
ions in the cytoplasm by importing it from the extracellular space or mobilizing it from inside
organelles. The C. elegans genome encodes 14 ZIP transporters: ZIPT-1, ZIPT-2.1, ZIPT-2.2,
ZIPT-2.3, ZIPT-2.4, ZIPT-3, ZIPT-7.1, ZIPT-7.2, ZIPT-9, ZIPT-11, ZIPT-13, ZIPT-15, ZIPT16, and ZIPT-17 (Figure 3.3B). The ZnT/CDF/SLC30A family of transporters generally possess
six transmembrane domains with cytoplasm facing N- and C-termini 173,204. These transporters
decrease the concentration of metal ions in the cytoplasm by exporting it into the extracellular
space or sequestering it in organelles. The C. elegans genome also encodes 14 CDF transporters:
CDF-1, CDF-2, TTM-1, SUR-7, F19C6.5, SLC-30A9, F41C6.7, ZK185.5, K07G5.5, PDB1.1,
R02F11.3, TOC-1, SLC-30A5, and F56C9.3 (Figure 3.3A). Many predicted ZIP and CDF
transporters in C. elegans have not yet been studied, and here we describe only those family
members that have been reported to be involved in zinc biology.

3.3.1 CDF-1
cdf-1 is the first zinc transporter characterized in C. elegans. A loss-of-function mutation was
identified in a forward genetic screen for suppressors of the multivulval (Muv) phenotype caused
by constitutively active let-60 Ras signaling, and the gene was identified by positional cloning
157,174

. The CDF-1 protein has about 30% sequence identity with mouse ZnT-1 and yeast COT1.

52

Figure 3.3: C. elegans CDF
and ZIP transporters
display orthology with zinc
transporters from other
species including Homo
sapiens. Phylogenetic trees of
CDF (A) and ZIP (B) family
members identified by PSIBLAST from C. elegans
(red), Homo sapiens (blue),
Arabidopsis thaliana (green),
and Saccharomyces
cerevisiae (yellow). All ten
human ZnT proteins in panel
A and all 14 human ZIP
proteins in panel B cluster
with highly related C. elegans
proteins. Transporters
discussed in this review are
indicated by arrows. Adapted
from Roh et al., (2013) 146
(A) and Dietrich et al., (2017)
195
(B).
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Mammalian ZnT-1 localizes to the plasma membrane and is a zinc exporter 204, and rat ZnT-1
expressed in C. elegans can rescue the cdf-1(lf) mutant phenotype, demonstrating evolutionary
conservation of function. Genetic analysis indicated that cdf-1 is necessary for proper cell fate
specification of the vulval precursor cells, and cdf-1 acts as a positive regulator of the Ras
signaling pathway. The CDF-1 protein expression pattern was characterized using transgenic
animals that express CDF-1::GFP fusion protein under the control of the endogenous cdf-1
promoter. CDF-1 is expressed in multiple cell types, including vulval cells and intestinal cells. In
intestinal cells, CDF-1 is localized to the basolateral surface, suggesting it transports zinc from
the cytoplasm of intestinal cells into the body cavity, called the pseudocoelom in worms 146.
To directly test the role of CDF-1 in zinc biology, Bruinsma et al. cultured cdf-1(lf)
mutant animals in supplemental zinc 157. cdf-1(lf) mutants displayed hypersensitivity to high zinc
toxicity, including reductions of individual growth rate and population growth rate. The mutants
displayed increased levels of zinc compared to wild type, indicating cdf-1 is necessary to limit
zinc accumulation in the animal 144,146. Furthermore, cdf-1(lf) mutants displayed reduced zinc in
the body cavity 146. Thus, CDF-1 functions to transport zinc from the cytoplasm of intestinal
cells into the body cavity to supply interior tissues with zinc. CDF-1 also appears to function in
vulval precursor cells to control the concentration of zinc, as described below.

3.3.2 SUR-7
Yoder et al. identified a loss-of-function mutation in sur-7 (Suppressor of Ras) in a forward
genetic screen for suppressors of the Muv phenotype caused by constitutively active let-60 Ras
signaling, and the gene was identified by positional cloning 137. This genetic screen was similar
to the genetic screen used to identify cdf-1. The predicted SUR-7 protein has six predicted
transmembrane domains, similar to other CDF proteins. Unlike other CDF proteins, it does not
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contain a histidine loop between predicted transmembrane domains IV and V. Instead SUR-7
possesses a cluster of five histidine residues between predicted transmembrane domains III and
IV SUR-7 is not closely related to any human CDF protein. A sur-7 partial loss-of-function
mutation causes hypersensitivity to high zinc toxicity 137,144,146. SUR-7 protein is localized to
intracellular membranes, but the specific organelle has not been identified by colocalization with
a known marker. Thus, sur-7 is necessary for high zinc resistance and it functions to promote
Ras signaling during vulval development.

3.3.3 CDF-2
The discoveries of cdf-1 and sur-7 in forward genetic screens initiated the analysis of the CDF
family in worms and led to the appreciation that there are 12 additional CDF encoding genes in
the C. elegans genome (Figure 3.3A). Two of these genes, CDF-2 and TTM-1, are similar to a
cluster of human proteins–ZnT2, ZnT3, ZnT4 and ZnT8–that are localized to vesicular
membranes in vertebrates. Based on this clustering, Davis et al. initiated a reverse genetic study
of cdf-2 144. The predicted CDF-2 protein contains six predicted transmembrane-spanning
domains and two histidine motifs (HX)3 in the loop between the fourth and fifth transmembrane
segments and is most similar to ZnT2. To understand how CDF-2 is regulated by zinc, Davis et
al. measured cdf-2 mRNA abundance in wild-type animals by RT-PCR 144. cdf-2 mRNA
abundance was increased by culturing animals in high dietary zinc, indicating that cdf-2
transcription is induced by high zinc 146. The expression pattern of CDF-2 protein was analyzed
using a CDF-2::GFP fusion protein in transgenic animals. CDF-2 is expressed only in intestinal
cells, and it localized to membrane-bound vesicles in larvae and adults 144. These abundant
vesicles are called gut granules, and they are a type of lysosome-related organelles since they
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stain with the marker LysoTracker 70 (Figure 3.5A). This led to the model that CDF-2 transports
zinc from the cytoplasm into the lumen of lysosome-related organelles (Figure 3.4C).
The function of cdf-2 was investigated using a deletion mutation that causes a strong loss
of function. cdf-2(lf) mutant animals are hypersensitive to high zinc toxicity, indicating CDF-2
promotes resistance to high zinc. cdf-2(lf) animals displayed reduced total zinc in the body,
indicating CDF-2 promotes zinc storage 70,144,146. The zinc dye FluoZin-3 stains lysosome-related
organelles in intestinal cells, indicating this is a site of zinc storage (Figure 3.2E). cdf-2(lf)
mutant animals displayed reduced FluoZin-3 staining, consistent with the model that CDF-2
transports zinc into these organelles. Overexpression of CDF-2 increased FluoZin-3 staining,
indicating CDF-2 is sufficient to promote zinc storage 70. Thus, CDF-2 is specifically localized to
the membrane of lysosome-related organelles, and it functions to sequester zinc in these
organelles.

3.3.4 TTM-1
Like CDF-2, the predicted TTM-1 protein is most similar to human ZnT2, ZnT3, ZnT4, and
ZnT8 (Figure 3.3A) 146. The ttm-1 gene contains two transcription initiation sites and encodes
two transcripts: ttm-1a initiates at the upstream site, whereas ttm-1b initiates at the downstream
site. Both TTM-1A and TTM-1B proteins possess the conserved six transmembrane motifs and a
conserved zinc-binding histidine-rich motif (HX)n in the loop between transmembrane domains
IV and V, like ZnT2 and CDF-2. However, TTM1-A and TTM1-B have different N-terminal
amino acid sequences; TTM-1B contains an additional histidine-rich motif, raising the possibility
that the N-terminus binds zinc. To understand how TTM-1 is regulated by zinc, Roh et al.
measured ttm-1 mRNA abundance in wild type animals by RT-PCR 146. ttm-1b mRNA
abundance was increased by culturing animals in high dietary zinc, indicating that ttm-1b
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Figure 3.4: High zinc homeostasis in C. elegans.
(A) A position weight matrix of the High Zinc
Activation (HZA) promoter element based on 29
sequences. The height of the nucleotides at each
position represents the frequency scaled in bits.
Adapted from Roh et al., (2015) 113. (B) A Genetic
model of high zinc homeostasis in the C. elegans
intestine. High levels of zinc promote HIZR-1
activity and transcriptional activation of multiple
genes including cdf-2, ttm-1b and hizr-1. Increased
levels of cdf-2 and ttm-1b mRNA promote
increased levels of CDF-2 and TTM-1B protein,
which reduce levels of cytoplasmic zinc in a
parallel negative feedback circuit. Increased levels
of hizr-1 mRNA promote increased levels of
HIZR-1 protein, creating a positive feedback
circuit that enhances the negative feedback
system. Adapted from Warnhoff et al., (2017) 110.
(C) A molecular model. Dietary zinc (Z) enters
intestinal cells, binds the ligand-binding domain of
HIZR-1, and promotes nuclear accumulation,
HZA enhancer binding, and transcriptional
activation. The nuclear accumulation of HIZR-1
could result from increased HIZR-1 protein levels
due to autoregulation and/ or translocation of
HIZR-1 from the cytoplasm to the nucleus.
Increased levels of CDF-2 and TTM-1B promote
zinc detoxification by sequestration in lysosomerelated organelles 70 and excretion into the
intestinal lumen 146, respectively. Increased levels
of HIZR-1 promote homeostasis by a positive
feedback circuit. Adapted from Warnhoff et al.,
(2017) 110. (D) A model of the transcriptional
activation complex assembled on the cdr-1
promoter in response to high zinc or cadmium. In
intestinal cells, MDT-15 cooperates with HIZR-1
bound to the HZA element to induce the metalsequestering metallothioneins (mtl-1 and -2) and
the transporter cdf-2. ELT-2 binds GATA
promoter elements to promote intestinal
expression of genes and may also contact
Mediator to regulate cadmium or zinc responsive
transcription. Adapted from Shomer et al., (2019)
111
.
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transcription is induced by high zinc, whereas ttm-1a was not regulated by dietary zinc 146. The
expression patterns of TTM-1A and TTM-1B proteins were analyzed using GFP fusion proteins
in transgenic animals. TTM-1A::GFP was expressed in the intestine and hypodermis, whereas
TTM-1B::GFP was expressed in the intestine, head neurons, seam cells, hypodermis and vulva
146

. Thus, both proteins are expressed in the intestine, but each was differentially expressed in

other tissues. TTM-1B::GFP in the intestine is specifically localized to the apical side of the cell,
facing the intestinal lumen. TTM-1B expression in the intestine increases in animals exposed to
supplemental zinc and is barely detectible in control conditions. These results led to the model
that TTM-1B transports zinc from the cytoplasm into the lumen of the intestine (Figure 3.4C).
TTM-1A is localized to vesicles in intestinal cells that are distinct from lysosome-related
organelles and have not been well characterized.
The function of ttm-1 was investigated using a deletion mutation that affects both
transcripts and causes a strong loss of function. ttm-1(lf) mutant animals are hypersensitive to
high zinc toxicity in sensitized genetic backgrounds lacking cdf-2 or genes involved in lysosome
biogenesis such as pgp-2 and glo-1, indicating TTM-1 promotes resistance to high zinc in a
manner that is redundant with these genes. ttm-1(lf) animals displayed increased total zinc in the
body, indicating ttm-1 promotes zinc excretion. The zinc dye Zinpyr-1 stains zinc in the body
cavity. ttm-1(lf) mutant animals displayed increased Zinpyr-1 staining, consistent with the model
that TTM-1 transports zinc into the lumen of the intestine for excretion, and in the absence of
ttm-1 excess zinc accumulates in the body cavity.

3.3.5 ZIPT-2.3
Dietrich et al. identified zipt-2.3 as a gene that is transcriptionally activated by zinc deficiency
and showed that the zipt-2.3 promoter has an Low Zinc Activation (LZA) enhancer (see section
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4) that mediates this regulation 195. The zipt-2.3 promoter fused to GFP displays expression in
intestinal cells in transgenic animals, indicating this is the tissue where zipt-2.3 is expressed 195.
Chapman et al. used a translational fusion of ZIPT-2.3::GFP to show expression in intestinal
cells with subcellular localization in puncta 205. A genetic analysis using RNAi and a deletion
mutation showed that zipt-2.3(lf) causes resistance to ionizing radiation-induced apoptosis in the
germ line. Treatment with supplemental zinc inhibited ionizing radiation-induced apoptosis in
the germ line, whereas treatment with the chelator TPEN enhanced this process. Chapman et al.
conclude that zinc levels influence ionizing radiation-induced apoptosis in the germ line, and
zipt-2.3 acts cell non-autonomously in intestinal cells to control apoptosis in the germ line 205.

3.3.6 ZIPT-7.1
The predicted ZIPT-7.1 and ZIPT-7.2 proteins are highly related to human ZIP-7 (Figure 3.3B).
Dietrich et al. identified zipt-7.1 as a transcript that is induced by zinc deficiency, suggesting it
plays a role in zinc biology 195. Zhao et al. conducted a reverse genetic study of zipt-7.1, which
indicated this gene is involved in zinc biology during the process of sperm activation 201. A
strong loss-of-function mutation in zipt-7.1 causes fertility defects including small brood size,
sterility and a large number of unfertilized oocytes. These phenotypes suggest that zipt-7.1(lf)
mutant hermaphrodites generate normal oocytes and dysfunctional sperm. Male sperm also
require zipt-7.1 function, since zipt-7.1(lf) males are partially sterile. Spermatids (inactive sperm)
display a round morphology and are immotile until they are activated. They then extend a
pseudopod which allows them to crawl towards the oocytes. Wild type spermatids extend
pseudopods in response to activating signals, but zipt-7.1(lf) mutant spermatids are defective in
pseudopod extensions 201.
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The localization of ZIPT-7.1 was determined by analyzing zipt-7.1 RNA levels in
mutants that lack a germline and ZIPT-7.1::GFP fusion protein localization in transgenic
animals. ZIPT-7.1 is expressed in the germ line and appears to localize to intracellular
membranes. When expressed in mammalian cells, ZIPT-7.1 promoted the uptake of zinc into the
cells, demonstrating that ZIPT-7.1 is a zinc transporter 201

3.3.7 ZIPT-16 and ZIPT-17
Kumar et al. reported that zinc levels influence lifespan, with high dietary zinc shortening
lifespan and zinc deficiency caused by the chelator TPEN lengthening lifespan 206. These effects
were observed in a variety of mutant backgrounds to varying degrees. To understand how
lifespan might be affected by zinc levels, Novakovic et al. analyzed zipt genes and showed that
zipt-16(lf) and zipt-17(lf) mutants displayed shorter lifespans compared to wild type 207.
However, it remains to be established if these transporters function by transporting zinc or
another metal ion.

3.4 High Zinc Homeostasis
Because excess zinc is toxic, animals have evolved homeostatic mechanisms to respond to high
zinc. C elegans has been an important model system for understanding this process. High zinc
homeostasis is mediated by the intestine, which appears to control the level of zinc in other
tissues by regulating excretion from the basolateral surface of intestinal cells into the body cavity
of the animal.

3.4.1 The nuclear receptor HIZR-1 is the high zinc sensor
Intestinal cells import zinc by a mechanism that has yet to be defined. While the ZIP family of
importers seems like good candidates for the intestinal zinc importer, this has not been
experimentally determined. In response to a high zinc diet, zinc levels increase in intestinal cells,
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and the HIZR-1 nuclear receptor becomes activated. The hizr-1 gene was discovered by
Warnhoff et al. in a forward genetic screen for animals that do not correctly regulate the cdf-2
promoter in response to high dietary zinc 110. To conduct this screen, the cdf-2 promoter was
fused to GFP in transgenic animals; in standard medium these animals do not display significant
GFP fluorescence. By contrast, in zinc excess conditions the cdf-2 promoter is activated, and
these animals display strong GFP fluorescence, providing a visual readout of high zinc activated
transcription. Warnhoff et al. identified five loss-of-function mutations that abrogated cdf-2
activation and one gain-of-function mutation that constitutively activated cdf-2 expression in
zinc replete conditions. Positional cloning revealed that all six mutations affected the same gene,
which was named High Zinc activated nuclear Receptor (hizr-1) 110. The loss-of-function
mutations resulted in truncated proteins or changed highly conserved residues in the DNAbinding domain. The gain-of-function mutation causes a single amino acid substitution in the
ligand-binding domain. hizr-1(lf) mutants are defective in the transcriptional activation of
multiple endogenous genes that are activated by high dietary zinc. Furthermore, hizr-1(lf)
mutations cause hypersensitivity to the toxic effects of high zinc (Figure 3.2B). Thus, hizr-1 is
necessary for the transcriptional response to high zinc and plays a critical role in high zinc
resistance.
Nuclear receptors have two conserved domains: a ligand-binding domain and a zincfinger DNA-binding domain. Nuclear receptors were first described for their role in endocrine
signaling, where the ligand-binding domain directly interacts with large hydrophobic hormones
such as estrogens and androgens 208,209. More recently, fatty acid molecules have been shown to
function as ligands for nuclear receptors. Upon ligand binding, nuclear receptors typically
translocate to the nucleus, interact with specific sequences through the DNA-binding domain,
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and activate transcription of target genes. Warnhoff et al. hypothesized that zinc directly bound
the ligand-binding domain of HIZR-1 to activate the receptor 110. Indeed, the ligand-binding
domain of HIZR-1 was partially purified and demonstrated to bind radioactive Zn-65 with high
affinity and specificity. Furthermore, Warnhoff et al. 110 showed that high dietary zinc causes a
HIZR-1::GFP fusion protein to accumulate in intestinal nuclei. The analysis of HIZR-1 identified
a nuclear receptor as a new class of zinc sensor and zinc as a new class of ligand for nuclear
receptors.

3.4.2 HIZR-1 binds the HZA enhancer to mediate transcriptional activation in
high zinc
To investigate the mechanism of high zinc activated transcription, Roh et al. analyzed the
promoters of several regulated genes searching for a common sequence element. This led to the
identification of the High Zinc Activation (HZA) element 113. The HZA motif spans 14 base
pairs and contains five highly conserved positions (Figure 3.4A). The promoter regions of two
CDF family zinc transporters (cdf-2 and ttm-1b) and the two metallothionein genes (mtl-1 and
mtl-2) all contained this conserved promoter element. Mutational studies showed the HZA was
necessary for transcriptional activation by high zinc. Furthermore, a short sequence containing
the HZA was sufficient to confer activation by high zinc on a basal promoter. A second sequence
element called GATA was also found in these promoters adjacent to the HZA; the GATA
element promotes tissue specific expression in intestinal cells by interacting with ELT proteins
such as ELT-2 111,113,210. Mutational studies showed the GATA element was also necessary for
high zinc activated transcription. The HZA element and the GATA element function like
enhancers, since they can work at a range of distances from the transcription start site and in
either orientation. Shomer et al. recently extended this work by showing the HZA and GATA
elements are necessary for high zinc regulation of the cdr-1 promoter 111. Warnhoff et al. tested
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the hypothesis that HIZR-1 directly binds the HZA enhancer. Indeed, the partially purified DNAbinding domain of HIZR-1 interacted with high specificity with the HZA DNA element in an
electrophoretic mobility shift assay 110. Warnhoff et al. concluded that in response to high zinc
HIZR-1 translocates to the nucleus and directly binds the HZA enhancer. Interestingly, the
promoter of hizr-1 has an HZA enhancer, and the hizr-1 gene is transcriptionally activated by
high zinc. Thus, HIZR-1 engages in a positive feedback loop by activating its own promoter,
which leads to higher levels of HIZR-1 activity (Figure 3.4B, C).
The discovery of the HIZR-1/HZA interaction has led to a rapid advance in
understanding the transcriptional complex that assembles on the promoters of zinc activated
genes. The mediator complex contains multiple proteins that connect site-specific DNA binding
transcription factors to RNA polymerase 2. Taubert et al. showed that mdt-15, a component of
the mediator complex, is necessary for a wide range of transcriptional activation in response to
exogenous chemicals, including cadmium 129. Roh et al. showed that mdt-15 is necessary for a
promoter with the HZA enhancer to respond to high zinc and cadmium 113. Most recently
Shomer et al. proposed a detailed molecular model of the transcriptional complex that integrates
these different elements (Figure 3.4D) 111. Using a cdr-1p::gfp promoter fusion, mdt-15, cdk-8,
hizr-1, and elt-2 were shown to be necessary for cadmium- and zinc-induced transcription.
Interestingly, MDT-15 and HIZR-1 proteins were shown to bind in the Yeast-2-hybrid system,
and the strength of the interaction was enhanced by zinc or cadmium. Overall, the current model
is that in response to high levels of zinc, the ligand-binding domain of HIZR-1 binds zinc,
resulting in translocation to the nucleus. The DNA-binding domain of HIZR-1 binds the HZA
enhancer, and ELT-2 binds the adjacent GATA element. HIZR-1 interacts directly with MDT-
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15, which recruits the mediator complex and RNA polymerase to the promoter to increase the
rate of transcriptional initiation (Figure 3.4D).

3.4.3 The HIZR-1 target genes cdf-2 and ttm-1 promote homeostasis by storing
zinc in lysosome-related organelles and excreting zinc into the intestinal
lumen
Two HIZR-1 target genes have been demonstrated to play important functional roles in high zinc
detoxification: cdf-2 and ttm-1 70,144,146. The promoters of both genes contain HZA enhancers,
and transcription is increased in response to high zinc 113. The CDF-2 transporter is localized
specifically to lysosome-related organelles in intestinal cells, which are also called gut granules,
and CDF-2 functions to transport zinc into these organelles. These organelles are the major site
of zinc storage in C. elegans, and they stain with the zinc dye FluoZin-3. Mutations in cdf-2 or
glo genes that are essential for the biogenesis of lysosomes both cause hypersensitivity to high
zinc. Thus, these organelles sequester and thereby detoxify excess zinc. Lysosome-related
organelles undergo morphological changes in response to increasing concentrations of zinc. In
zinc replete conditions, they appear to be spherical, and CDF-2 and LysoTracker colocalize
(Figure 3.5A). In zinc excess conditions, they appear to have two compartments and are referred
to as bilobed. CDF-2 is localized on both compartments, whereas LysoTracker only stains one of
the lobes (Figure 3.5B). The function of this morphological change has yet to be determined and
is an important goal of future work.
The CDF family transporter TTM-1B localizes specifically to the apical surface of
intestinal cells, so it is positioned to excrete zinc into the lumen of the intestine. Genetic studies
document that ttm-1 function promotes resistance to high zinc toxicity, but this phenotype is only
observed in sensitized background such as the cdf-2;ttm-1 double mutant 146. CDF-2 and TTM-1
function in a parallel negative feedback circuit (Figure 3.4B). Both genes are transcriptionally
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Figure 3.5: High Zinc Induces the Formation of Asymmetric Bilobed Gut Granules. (A) Fluorescence images
of live transgenic animals expressing CDF-2::GFP cultured with LysoTracker and the indicated levels of
supplemental zinc. The differential interference contrast (DIC) images show the intestinal lumen (white triangle) and
adjacent intestinal cells with pharynx to the left and tail to the right. Boxed regions are magnified in the right panels.
With 200 µM supplemental zinc, many gut granules appear to be bilobed and asymmetric; one side is positive for
CDF-2::GFP and LysoTracker (arrowhead), whereas the other side is positive for CDF-2::GFP and negative for
LysoTracker (arrow). Scale bars: 10 µm and 2 µm (boxed regions). Adapted from Roh et al., (2012) 70. (B) A
genetic pathway for the formation of bilobed gut granules. The activity of granule biogenesis genes pgp-2 and glo-3
are necessary for the formation of bilobed granules. The zinc transporter cdf-2 is necessary for loading zinc into
granules (indicated by dark green). Adapted from Roh et al., (2012) 70.
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activated by high levels of cytoplasmic zinc, and both proteins function to reduce the level of
cytoplasmic zinc, either through sequestration in lysosome-related organelles or excretion into
the lumen of the intestine.
Metallothioneins in nematodes have been reviewed previously 4. The C. elegans genome
encodes two metallothionein genes: mtl-1 and mtl-2 100–102. Both genes are strongly induced by
high levels of dietary zinc, and both promoters contain an HZA enhancer 113. The biochemical
activity of MTL-1 and MTL-2 as metal-binding proteins is well established 105,107. However, the
function of these proteins in vivo remains obscure. Genetic analysis of mtl-1 and mtl-2 single
mutants, as well as an mtl-1;mtl-2 double mutant, indicates that these strains are similar to wild
type; in some experiments they display slight hypersensitivity to high zinc or cadmium toxicity,
and in some experiments they are indistinguishable from wild type 109,116,119. Recently, a gene
family that encodes cysteine-rich proteins was discovered at a single locus of chromosome IV;
four of these genes are expressed in the alimentary tract in response to zinc, and there is evidence
that these proteins directly bind zinc and potentially other metals 120.

3.5 Low Zinc Homeostasis
Because zinc is an essential nutrient, it is critical for organisms to acquire adequate zinc for
cellular and organismal function. Thus, mechanisms have evolved to mediate low zinc
homeostasis. However, compared to high zinc homeostasis, much less is known about low zinc
homeostasis in animals, probably because experimentally it is easier to add supplemental zinc
than it is to create zinc deficiency. To begin to investigate the response to zinc deficiency in
worms, Dietrich et al. analyzed the 14 predicted C. elegans zipt genes for transcriptional
activation in response to zinc deficiency, reasoning that genes activated by zinc deficient
conditions might play a role in low zinc homeostasis 195. zipt-7.1, zipt-2.1 and zipt-2.3 each
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displayed significantly higher levels of transcripts in response to zinc deficiency caused by
TPEN treatment. To understand the mechanism of regulation, Dietrich et al. searched for a
common sequence element in the promoters of these three genes, resulting in the identification of
the low zinc activation (LZA) element 195. The LZA motif spans 19 base pairs and contains nine
highly conserved positions (Figure 3.6A). Mutational analysis showed that the LZA enhancer is
both necessary in the zipt-2.3 promoter and sufficient in a basal promoter to mediate
transcriptional activation during zinc deficiency (Figure 3.6B, C). Remarkably, the zipt-2.3
promoter containing the LZA enhancer was activated by zinc deficiency in human cells,
suggesting that this mechanism of low zinc homeostasis might be conserved in mammals 195. By
searching for LZA enhancers in the genome, Dietrich et al. identified four additional genes that
are transcriptionally activated by zinc deficiency. The function of these genes during zinc
deficiency has yet to be determined. Although no genes have been rigorously demonstrated to
mediate low zinc homeostasis, Roh et al. showed that lysosome-related organelles release stored
zinc during zinc deficient conditions, which is a mechanism of low zinc homeostasis 70.
A critical question is what transcription factor binds the LZA enhancer, and does this
transcription factor function as the low zinc sensor? Although this remains an open question,
Dietrich et al. demonstrated that the transcriptional activation of the zipt-2.3 promoter in zinc
deficient conditions requires the mediator gene mdt-15 and the elt-2 gene. Thus, the LZA and the
HZA may both recruit the mediator complex and both utilize the ELT-2/GATA element to
achieve intestinal cell specificity. Overall, it appears there are parallel systems for high and low
zinc homeostasis. High zinc is sensed by HIZR-1, which acts through the HZA enhancer. Low
zinc is sensed by an unknown factor, that acts directly or indirectly through the LZA to activate
transcription (Figure 3.6D).
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Figure 3.6: Low zinc homeostasis in C. elegans. (A) A position weight matrix of the LZA element based on 12
sequences. The height of each nucleotide represents the frequency scaled in bits. Adapted from Dietrich et al.,
(2017) 195. (B, C) Diagram of the zipt-2.3 promoter containing LZA1 (blue) and LZA2 (red) fused to GFP (green).
Images show transgenic animals expressing this construct at the young adult stage cultured on the indicated
concentration of TPEN. Bright field images (insets) show worm morphology, and fluorescent images show GFP
fluorescence. GFP signals were captured with identical settings and exposure times. zipt-2.3 transcription is
activated in response to zinc deficient conditions. Scale bars = 100 µm in brightfield (insets) and fluorescence
images. Adapted from Dietrich et al., (2017) 195. (D) Diagram of an intestinal cell flanked by the intestinal lumen
(above) and the pseudocoelom (below). Two dietary zinc-conditions are illustrated: deficiency (left) and excess
(right). In the presence of low dietary zinc (black circles), an undefined sensing mechanism causes activation of
LZA element containing promoters. ZIP proteins (blue) might localize to the plasma membrane or lysosome
related organelles (LRO, green), but the subcellular localization has not been established. In the presence of high
dietary zinc, the HIZR-1 nuclear receptor causes activation of HZA element containing promoters. CDF-2 protein
(red) localizes to the LRO where it functions to store zinc, and the TTM-1B protein (red) localizes to the apical
plasma membrane where it functions to excrete zinc into the intestinal lumen. Adapted from Dietrich et al., (2017)
195
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3.6 Zinc signaling and cell fate determination in C. elegans
In addition to the well-established roles for zinc as a protein-binding cofactor, it has been
proposed that zinc can also function as a signaling molecule 211–213. One of the possible signaling
mechanisms is zinc acting as an intracellular second messenger, similar to calcium 214. These
proposed mechanisms require dynamic changes in the concentration of zinc. In C. elegans, zinc
transporters have been shown to be involved in at least two cell fate determination processes:
vulval development 143 and sperm activation 201. In both cases, manipulation of environmental
zinc levels also affects the phenotype 147,157. These results suggest that zinc could function as a
second messenger or have a specific and dynamic role in regulating the activity of a signaling
protein. The alternative explanation for these types of results is that cell differentiation in these
cases is sensitive to zinc levels in general, and these phenotypes represent a more general
dysfunction caused by an abnormal zinc environment.

3.6.1 The Ras signaling pathway during vulval development
The C. elegans vulva is a specialized epithelial opening on the ventral side of the organism that
connects the worm gonad to the exterior (Figure 3.1). The vulva is required for both the transfer
of the male sperm during copulation and laying fertilized embryos into the environment. The
development of the vulva has been extensively studied as an example of organogenesis 176. These
studies have made significant contributions to the understanding of the signaling pathways that
control the precise formation of the organ. One of the pathways involved in this process is the
receptor tyrosine kinase/Ras/ERK MAP kinase signaling pathway. In the ventral epidermis of
larval worms, six ectodermal blast cells (P3.p, P4.p, P5.p, P6.p, P7.p, and P8.p) are collectively
known as the vulval precursor cells. In wild-type animals, the progeny of three of the vulval
precursor cells adopt either the 1° (P6.p) or the 2° (P5.p and P7.p) cell fate and become the
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vulval cells, while the others adopt the 3° non-vulval cell fate and fuse with the hypodermal
syncytium 215,216. The vulval cell fates depend on a LIN-3/ Epidermal growth factor inductive
signal from the anchor cell of the somatic gonad. LIN-3 activates the EGF receptor LET-23 in
the P6.p cell, which then leads to the activation of a Ras-mediated signaling pathway. As a
consequence of Ras pathway activation, P6.p adopts the 1° cell fate and then signals to P5.p and
P7.p instructing them to adopt the 2° cell fate 176. In mutant animals with a gain-of-function of
let-60/Ras that makes the protein constitutively active, other vulval precursor cells also adopt the
vulval cell fate, resulting in a multivulva (Muv) phenotype 217.
The first two zinc transporters identified in C. elegans, CDF-1 and SUR-7, were
discovered in forward genetic screens as suppressors of the gain-of-function let-60/Ras Muv
phenotype 137,174. As described above, both CDF-1 and SUR-7 are CDF transporters that likely
reduce the level of cytoplasmic zinc. Thus, the finding that loss-of-function mutations in these
genes reduce Ras signaling activity suggest that high cytoplasmic zinc levels function
downstream of RAS to inhibit the Ras signaling pathway. This conclusion is supported by the
finding that supplementing zinc in the growth medium also suppresses the let-60(gf) Muv
phenotype, and that the suppression could be reversed by CDF-1 overexpression 157. Further
epistasis studies suggest that zinc inhibits the signaling pathway downstream of LET-60 RAS but
upstream of MPK-1 ERK 137,157. The mechanism appears to be conserved during evolution, as
mammalian ZnT1 can partially rescue the phenotype. In addition, expressing either the
mammalian ZnT1 or the C. elegans CDF-1 can stimulate Ras signaling in Xenopus oocytes 157. It
is currently unknown precisely how zinc inhibits the Ras signaling pathway. Yoder et al. 137
proposed that the mechanism is related to the phosphorylation of KSR-1, while Jirakulaporn and
Muslin 178 proposed that CDF-1 directly binds Raf-1 to regulate its activity.
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As described above, Chapman et al. showed that ZIPT-2.3 activity modulates germ line
apoptosis caused by ionizing radiation 205. The germ cells utilize the same Ras/Raf/MEK/ERK
signaling pathway as the vulval precursor cells. Chapman et al. proposed that zinc functions
downstream of LET-60 RAS but upstream of MPK-1 ERK in the germ line to inhibit apoptosis.
As with the studies of vulval development, the precise mechanism of zinc inhibition has not been
established, and the possibility that zinc plays a more general role in inhibiting cellular function
has not been rigorously excluded.

3.6.2 Sperm activation
In C. elegans, sperm acquire motility through a process known as sperm activation (or
spermiogenesis), in which the round spermatid is transformed into a spermatozoon that crawls
with a pseudopod 180,181,218. Both premature and delayed activation is detrimental to reproductive
success, highlighting the importance of tightly controlling this differentiation process 219,220.
While many genes have been identified to be involved in the sperm activation process, the
extracellular signals that activate sperm are still not well defined. However, the transduction of
the sperm activation signal must occur in the cytoplasm and cannot utilize changes in
transcription, because the sperm DNA is transcriptionally silenced in preparation for delivery to
the egg 221. Various molecules have been shown to be able to activate sperm in vitro, one of
which is zinc.
Liu et al. showed that extracellular zinc can activate dissected sperm in vitro; this effect
is specific, since other divalent cations did not activate sperm 147. The zinc-induced sperm
activation depends on the spe-8 pathway, since sperm with mutations in the spe-8 pathway failed
to be activated by zinc. The role of zinc in sperm activation is likely to be physiological, since
Zhao et al. showed that the zinc transporter ZIPT-7.1 is involved in this process. zipt-7.1 mutant
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animals have a sterile phenotype that results from a sperm activation defect. In vitro activation
experiments showed that zipt-7.1 mutant sperm are defective in responding to extracellular zinc
201

. Zhao et al. proposed that zinc is used as an intracellular second messenger during sperm

activation, and extracellular zinc activates sperm by mimicking the intracellular zinc release 201.
The model proposes that in spermatids (non-activated sperm), zinc is stored in intracellular
vesicles. This stored zinc is then released by the ZIPT-7.1 transporter upon receiving the spermactivating signal. The intracellular zinc release increases the cytoplasmic zinc concentration and
presumably binds to zinc-regulated proteins, leading to downstream activation processes that
include the extension of the pseudopod and the fusion of the intracellular vesicles with the
membrane (Figure 3.7) 201. Because sperm biology requires a rapid response to an extracellular
signal, and the signal cannot depend on a transcriptional response, it seems like an ideal setting
to employ zinc as a second messenger in the cytoplasm. Furthermore, since zinc has the positive
effect of activating sperm, rather than the negative effect of inhibiting a process, it seems less
likely that these experimental results reflect a general dysfunction caused by an abnormal zinc
environment. However, to firmly establish zinc signaling as a mechanism of sperm activation, it
is important to visualize the dynamic change in zinc concentration and identify the target
proteins that are affected by the released zinc. Another important goal is to identity the
mechanism whereby the sperm activation signal triggers the activation of ZIPT-7.1, perhaps by a
posttranslational modification that affects the activity of this zinc transporter.

3.7 Outlook
3.7.1 The CDF and ZIP families of transporters
The C. elegans genome encodes 14 CDF and 14 ZIP family transporters, and here we review
evidence that four CDF transporters and two ZIP transporters play roles in zinc biology. Very
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Figure 3.7: ZIPT-7.1 mediates sperm activation. Model of the biochemical function of ZIPT-7.1 at three times
during sperm activation: (1) Primed spermatid: prior to activation, spermatids are primed to respond; ZIPT-7.1
(dark blue) is inactive and localized to the membrane of a vesicle that has a high internal concentration of stored
zinc (orange circles) that is presumably the membranous organelle (light blue). The cytoplasm has a low
concentration of zinc, and the equilibrium of zinc-regulated proteins (purple) is shifted towards unbound. (2)
Release: a sperm-activating signal results in activation of ZIPT-7.1 (orange arrow), zinc begins to flow into the
cytoplasm, and zinc-regulated proteins begin binding zinc. (3) Activated spermatozoon: the cytoplasmic
concentration of zinc is now high, and zinc-regulated proteins are bound to zinc. The pseudopod extension begins
(lower), and the membranous organelles fuse with the plasma membrane. Adapted from Zhao et al., (2018) 201

little is known about the function of the other family members, and an important goal of future
research is to determine the expression pattern, function, and metal selectivity of these 22
transporter proteins. The studies in C. elegans, similar to studies in mammals, have begun to
provide a framework for understanding the specific roles of different members of these
transporter families. One key aspect is tissue-specific expression. For example, ZIPT-2.3 is
expressed in the intestine, whereas ZIPT-7.1 is expressed in the germ line. While all cells require
zinc, different tissues may have specific needs that are met by expression of specific transporters.
A second key aspect of specificity is subcellular localization. For example, in intestinal cells
CDF-1 is localized to the basolateral membrane, TTM-1B is localized to the apical membrane,
and CDF-2 is localized to the membrane of lysosome-related organelles. Presumably, each of
these transporter proteins contains an epitope that targets it to the appropriate membrane
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compartment. However, the mechanism of specific subcellular localization has not been
determined and is a promising area for future research. A third key aspect of specificity is metal
selectivity, since some members of the CDF and ZIP family have been documented to transport
iron and manganese 222–224. In C. elegans, selectivity for zinc has been established using cellbased transport assays (ZIPT-7.1) and mutant phenotypes such as specific hypersensitivity to
zinc toxicity (CDF-1, CDF-2). An important goal of future studies is to determine the metal
selectivity of the remaining transporters. There are many examples of human diseases arising
from mutations in ZIP and CDF transporters. For example, ZIP4 is associated with
acrodermatitis enteropathica 225,226, ZIP5 is associated with autosomal dominant myopia 227, ZIP8
is associated with congenital disorder of glycosylation type IIn 222,223, ZIP13 is associated with
Ehlers-Danlos syndrome spondylodysplastic type 3 228,229, ZIP 14 is associated with hyperostosis
cranialis interna 230 and hypermanganesemia with dystonia type 2 231,232, ZnT2 is associated with
transient neonatal zinc deficiency due to low zinc content in breast milk 233,234, and ZnT10 is
associated with hypermanganesemia with dystonia type 1 235. Given that there are C. elegans
proteins similar to each of these human proteins, C. elegans is a promising system to establish a
fundamental understanding of these proteins that may be relevant to humans and suggest new
strategies for treating human disease.

3.7.2 The high zinc sensor and high zinc homeostasis
Homeostasis can be conceptualized as having two phases – sensing and response. In mammals
and insects, the MTF1 transcription factor plays a critical role in the transcriptional response to
high zinc; it has also been proposed to function as a sensor by binding zinc at one or more of its
six zinc finger DNA binding domains 236. Notably, MTF1 is also important for other stress
responses including heat stress, oxidative stress, and hormonal stress. The analysis of HIZR-1 in
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C. elegans identified a nuclear receptor as a new class of high zinc sensor, and the phenotypic
analysis in worms indicates it is specific for high zinc and does not respond to a wide range of
stresses. The prototypical ligands for nuclear receptors are steroid hormones; more recently,
some lipid molecules have been proposed as ligands for nuclear receptors 209. The discovery that
zinc is a ligand for the HIZR-1 nuclear receptor establishes transition metals as a new class of
nuclear receptor ligands. Of the approximately 50 nuclear receptors in the human genome, about
half have no defined ligand, and these nuclear receptors are called ‘orphan receptors’. An
exciting possibility is that one or more of these orphan nuclear receptors may use zinc as a
ligand. Another fascinating implication of the HIZR-1 discovery is that nuclear receptors may
function as sensors for other transition metals, such as copper.
In C. elegans, a key aspect of the response to high zinc is zinc storage in lysosomerelated organelles in intestinal cells; in high zinc conditions, about half of the total content of
zinc is stored in these organelles 70. Lysosome-related organelles are a morphologically diverse
group of acidic, LAMP-containing membrane compartments 237,238, and emerging evidence
indicates these organelles store metals in a wide range or organisms 239. In C. elegans, these
organelles are restructured in high zinc to adopt a bilobed morphology, an interesting case of
environmental conditions affecting lysosomal structure. These discoveries raise important
questions for future research. What is the mechanism of forming bilobed granules in response to
high zinc, and is this response coordinated by HIZR-1? How do bilobed granules function to
promote high zinc storage? What is the metal selectivity of these organelles? Recent studies
suggest copper is stored in lysosome-related organelles in C. elegans 240, and it will be important
to determine if zinc and copper are stored in the same or separate organelles.
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3.7.3 The low zinc sensor and low zinc homeostasis
Compared to high zinc homeostasis, very little is known about low zinc homeostasis in animals.
The first important insight from C. elegans is that the LZA enhancer activates transcription in
response to zinc deficiency, indicating that there is an active homeostasis mechanism. A key
objective of future research will be to identify the LZA binding factor and establish its
relationship to the low zinc sensor. This may be relevant to mammals, since the LZA enhancer
was sufficient to function in mammalian cells. A fascinating issue is the logic of the low zinc
sensor – is it a zinc-binding protein that activates a response when it loses zinc binding – the
conceptual opposite of HIZR-1, or is there a very different mechanism for an organism to sense
that zinc levels are low. The second insight in worms is that zinc is released from the lysosomerelated organelle storage sites in response to zinc deficiency, thus making more zinc available in
the cytoplasm. An important question for future studies is determining the mechanism of zinc
release from these storage depots.

3.7.4 Zinc as a second messenger signaling molecule
While zinc has a well-established role as a protein binding cofactor, recent studies have
suggested that zinc may act as a second messenger signaling molecule. A key issue is what
evidence is required to prove that zinc is functioning as a signaling molecule? Three lines of
evidence are important: (1) Visualizing a rapid change in zinc concentration in a specific cellular
or extracellular compartment. (2) Characterizing the regulatory mechanism that causes the rapid
change in concentration. (3) Defining the targets that respond to the increase in zinc with a
change in activity. Thus far, no system has met this rigorous level of evidence. Here we describe
studies in C. elegans vulval development and sperm activation that suggest zinc signaling may
play a role in cell fate determination. The main evidence comes from loss-of-function genetic
experiments. In cdf-1(lf) and sur-7(lf) mutants, the vulval precursor cell fates are abnormal. In
76

zipt-7.1(lf) mutants, the sperm activation phenotype is abnormal. One interpretation of these
observations is that zinc functions as a signaling molecule, and the transporters are necessary for
a dynamic change in zinc concentration that influences cell fate decisions. An alternative
explanation is that mutations in zinc transporters disrupt the baseline level of zinc, which is
broadly necessary for cell fate determination. To distinguish these possibilities, future
experiments will need to address the key questions: visualizing a dynamic change in zinc
concentration, determining the mechanism of this change, and establishing the consequence at a
molecular level. Sperm is the most promising system, because sperm cells use a signaling
system that does not involve the nucleus and must act rapidly, which would be well suited to zinc
signaling. Sperm are also experimentally tractable, since they can be dissected from animals and
activated in vitro. However, their small size makes microscopic visualization challenging. A key
technology that will facilitate these studies is better zinc sensors. While many zinc sensors have
been developed for use in vitro and in cultured cells 200, only a handful have been used
effectively in C. elegans. Current reliance on chemical sensors such as FluoZin-3 and Zinpyr-1
has clear limitations, and the development of sensors that can be targeted to specific subcellular
compartments and detect dynamic changes in zinc will be a critical advance in understanding
whether and how zinc functions as a second messenger.
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Chapter 4: Cadmium hijacks the high zinc
response by binding and activating the
HIZR-1 nuclear receptor
This chapter presents the contents of an article of the same name currently in revision for the
journal, Proceedings of the National Academy of Science to which I contributed as the first
author with co-authors Ciro Cubillas, Kurt Warnhoff, Raheel Ahmad, Alan Alcantar, Maximilian
D. Lyon, Daniel L. Schneider, and Kerry Kornfeld. My role for this article was to design
experiments, perform experiments, analyze data, design figures, prepare the first draft and revise
until the manuscript for submission and revision.

4.1 Abstract
Cadmium is an environmental pollutant and significant health hazard that is similar to the
physiological metal zinc. In C. elegans high zinc homeostasis is regulated by the HIZR-1 nuclear
receptor transcription factor. To define relationships between the responses to high zinc and
cadmium, we analyzed transcription. Many genes were activated by both high zinc and
cadmium, and hizr-1 was necessary for activation of a subset of these genes; in addition, many
genes activated by cadmium did not require hizr-1, indicating there are at least two mechanisms
of cadmium-regulated transcription. Cadmium directly bound HIZR-1, promoted nuclear
accumulation of HIZR-1 in intestinal cells, and activated HIZR-1-mediated transcription via the
HZA enhancer. Thus, cadmium binding promotes HIZR-1 activity, indicating that cadmium acts
as a zinc mimetic to hijack the high zinc response. To elucidate the relationships between high
zinc and cadmium detoxification, we analyzed genes that function in three pathways: the pcs1/phytochelatin pathway strongly promoted cadmium resistance but not high zinc resistance, the
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hizr-1/HZA pathway strongly promoted high zinc resistance but not cadmium resistance, and the
mek-1/sek-1/kinase signaling pathway promoted resistance to high zinc and cadmium. These
studies identify resistance pathways that are specific for high zinc and cadmium as well as a
shared pathway.

4.2 Significance Statement
Zinc is essential for animal life, and zinc levels are carefully regulated by homeostatic
mechanisms. In the model organism C. elegans, the HIZR-1 nuclear receptor directly binds zinc
and mediates high zinc homeostasis by regulating transcription. Cadmium is structurally similar
to zinc, but it is a prevalent environmental toxin. Here we explore how animals respond to these
similar metals. The results suggest that cadmium hijacks the high zinc homeostasis response by
directly binding and activating HIZR-1. This is a novel example of cadmium functioning as an
activating ligand for a zinc-regulated protein, in contrast to the prevailing model that cadmium
binding causes protein dysfunction. These results elucidate the interplay between these two
metals and reveal an unexpected mechanism of cadmium transcriptional control.

4.3 Introduction
Cadmium is a metal that lacks physiological roles in animals but is a well-established
environmental toxicant. Human exposures to cadmium arise predominantly from mining,
refining and electroplating industries, dietary contamination of food and water, and inhalation of
polluted air including tobacco smoke. The toxicity depends on the concentration, duration and
route of cadmium exposure. In humans, cadmium adversely affects the lung when inhaled, the
liver when consumed, and it accumulates in the kidney in both cases 241–245. Because of its potent
toxicity and the frequency of human exposure, cadmium is highly ranked on the Priority List of
Hazardous Substances 8. While exposure prevention is a key public health goal, it is also
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important to elucidate the mechanisms of cadmium toxicity to develop strategies to treat the
deleterious effects of cadmium exposure.
Two main theories have been proposed to explain the toxicity of cadmium 5: (1)
Cadmium causes chemical reactions that produce reactive oxygen species, leading to oxidative
stress and cellular damage. (2) Cadmium binds macromolecules, leading to a loss of function.
Since half of all enzymes are predicted to bind a metal ion 246, cadmium may substitute for
physiological metal ions such as zinc, manganese, or copper in the metal-binding sites of
metalloproteins, causing protein dysfunction 247,248. Cadmium can bind hormone, kinase, and
calcium receptors on the cell surface 89,249,250. Cadmium has been proposed to disrupt zinc
homeostasis, bone homeostasis, oxidative stress and reactive oxygen species signaling,
dysregulate hormone signaling, and interfere with iron, copper and manganese function and
homeostasis 140,248,251.
A critical goal in the field is to understand how animals sense and respond to cadmium,
since this may suggest new therapeutic strategies to enhance cellular defense mechanisms. In
principle, cellular cadmium resistance might involve limiting the damage caused by cadmium by
preventing entry, promoting excretion, or chelation to form a nontoxic chemical complex.
However, routes of cadmium entry and excretion have not been well defined. Metallothionein
proteins bind cadmium and are proposed to detoxify by a chelation mechanism, and small
molecules such as phytochelatins also bind and detoxify 116. A second line of defense might be
repairing cellular damage caused by cadmium. Damage repair might involve pathways
specialized for cadmium damage or more general stress response pathways triggered by multiple
insults such as other metals, heat, or oxidative stress. It is well established that cadmium
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exposure causes transcriptional changes, including genes involved in stress resistance such as
heat shock proteins 48,252–254.
Zinc is an essential metal that is chemically similar to cadmium, since both elements are
divalent d-block elements belonging to group 12 of the periodic table. Zinc is estimated to bind
about 10% of the human proteome to provide structural support, drive enzymatic catalysis, or
regulate protein function 150. High zinc concentrations can be toxic, though in humans the acute
toxic concentration of zinc is so high that fatalities arise exclusively from occupational overdose
known as metal fume fever 255. Because high concentrations of zinc are toxic, animals have
evolved homeostatic mechanisms to maintain the concentration of zinc in an appropriate range.
C. elegans has been a useful model to define mechanisms of high zinc homeostasis. High dietary
zinc activates transcription of specific genes in C. elegans 146. Roh et al. 113 identified an
evolutionarily conserved High Zinc Activation (HZA) element in the promoter regions of
multiple genes that are induced by high dietary zinc and cadmium 48. The HZA enhancer is
necessary for transcriptional activation of multiple genes in response to high dietary zinc and
sufficient to mediate the activation of a basal promoter in response to dietary zinc and cadmium.
Warnhoff et al. 110 discovered the HIgh Zinc activated nuclear Receptor (HIZR-1), a nuclear
receptor transcription factor that functions as the high zinc sensor and the master regulator of
high zinc homeostasis. The ligand-binding domain of HIZR-1 binds zinc with high affinity,
indicating that zinc is the ligand for this receptor. Zinc binding to HIZR-1 triggers nuclear
accumulation in intestinal cells, the site of the high zinc homeostasis response. HIZR-1 directly
binds the HZA enhancer and mediates activation of target genes, including genes encoding the
cation diffusion facilitator (CDF) transporters CDF-2 and TTM-1B, which store and excrete
excess zinc, respectively.
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Although cadmium has been proposed to disrupt zinc homeostasis in metazoans, the
mechanisms involved are not well defined. To define the role of HIZR-1 and the high zinc
homeostasis response during cadmium exposure in C. elegans, we used multiple methods to
compile a list of 145 cadmium-regulated genes. HIZR-1 was necessary for activation of a subset
of these genes, indicating that cadmium regulated changes in transcript levels include both hizr-1
dependent and hizr-1 independent genes. To elucidate the mechanism of this transcriptional
response, we showed that cadmium directly binds the HIZR-1 ligand-binding domain similar to
zinc. Cadmium promotes nuclear accumulation of HIZR-1 in intestinal cells and activation of
HIZR-1-dependent transcription via the HZA enhancer. To determine the function of the HIZR-1
mediated transcriptional response, we analyzed loss-of-function mutants in specific target genes
and hizr-1(lf) animals that lack activation of many target genes. Loss of hizr-1 did not cause
cadmium hypersensitivity, suggesting that cadmium hijacks the high zinc homeostasis response
although it has little effect on cadmium resistance. Genetic studies showed that the phytochelatin
pathway confers resistance to cadmium but not high zinc, whereas the mek-1/sek-1 signaling
pathway promotes resistance to both high zinc and cadmium toxicity. These studies show that
hizr-1 specifically promotes high zinc resistance, the phytochelatin pathway specifically
promotes cadmium resistance, and the mek-1/sek-1 signaling pathway promotes resistance to
both. Furthermore, the dramatic transcriptional response to cadmium exposure that is mediated
by HIZR-1 shows that cadmium can function as a zinc mimetic to activate the high zinc
homeostasis pathway.
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4.4 Results
4.4.1 Multiple strategies were used to identify cadmium-regulated transcripts
in wild-type C. elegans
Cadmium exposure influences transcript levels of many genes in C. elegans 48,198. To investigate
the mechanism and function of cadmium-regulated transcription, we used multiple search
strategies to assemble a list of candidate genes. We reasoned that using a wide range of search
strategies would produce a more diverse and comprehensive list. The first strategy involved a
literature review to identify genes for which loss-of-function mutations cause hypersensitivity to
cadmium toxicity 198. These genes play a functional role in cadmium resistance and might be
regulated by cadmium. This list included 14 candidate genes (Figure 4.1A). The second strategy
involved bioinformatic identification of genes that contain a predicted HZA enhancer, since this
enhancer is implicated in high zinc and cadmium-regulated transcription 113. Roh et al. 113
identified a list of 136 candidate genes containing both HZA and GATA elements in the
promoter region (Figure 4.1A). The third strategy involved direct comparisons of transcript
levels between control and cadmium exposed animals. The effects of cadmium exposure may
depend on the concentration of cadmium, the duration of exposure, and the developmental stage
of the animals, so these are important variables in these experiments. A literature review by
Dietrich et al. 198 identified a list of 37 candidate genes that were reported by multiple
investigators who used a variety of cadmium concentrations, exposure durations, and
developmental stages. In addition, Cui et al. 48 used microarray technology to assemble a list of
281 candidate genes that display higher transcript levels in mixed-stage wild-type (WT) animals
exposed to 100 µM cadmium in S-medium for 4 or 24 hours. To perform our own search, we
used the method of RNA-seq to compare transcriptional profiles of mixed-stage WT animals
exposed to 0 or 100 µM cadmium for 16 hours, resulting in a list of 87 candidate genes. These
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Figure 4.1: Cadmium exposure regulated transcription of many genes, and hizr-1 was necessary for
regulation of a subset of these genes. (A) We assembled a list of 447 genes that were candidates to be regulated
by cadmium using three strategies: Mutant hypersensitivity to cadmium reported in the literature 198, a predicted
HZA enhancer reported in the literature 113, and direct analysis of gene expression in cadmium exposed C. elegans
reported in the literature 48,198 or described here. The Venn diagram shows the number of candidate genes
identified by each strategy (denominator) and the number of genes validated as cadmium-regulated by qPCR
(numerator). (B-S) WT and hizr-1(am286) mutant animals at the L4 stage were exposed to 0 or 100 µM cadmium
for 4 hours. Transcript levels were determined by qPCR. Comparing WT animals in the presence and absence of
cadmium, 127 genes were activated by cadmium, and 18 genes were repressed by cadmium. Pie charts for
activated (B) and repressed (C) genes illustrate categories of hizr-1 involvement; comparing WT and hizr-1(lf)
revealed that hizr-1 was not necessary for the regulation or baseline expression of 83 genes (white), necessary for
regulation but not baseline expression of 25 genes (dark blue), necessary for regulation and baseline expression of
13 genes (medium blue), and necessary for baseline expression but not regulation of 24 genes (light blue/red). (DS) Bars indicate average mRNA level in arbitrary units (A.U.) for three biological replicates, and error bars
indicate S.D.; values were normalized by setting the value for WT with 0 µM cadmium to an average of 1.0 for
each gene. Colors correspond to the pie charts above. Numbers in or above the bars are the ratio +Cd/-Cd. For
each gene we performed 5 comparisons: four comparsions are shown by horizontal lines that indicate two values
were significantly different (WT –Cd to WT +Cd, WT +Cd to hizr-1 +Cd, hizr-1 –Cd to hizr-1 +Cd, and WT –Cd
to hizr-1 –Cd) (p<0.05). The absence of a horizontal line indicates no significant difference. One comparison is
shown with an asterisk (*) that indicates the ratio +Cd/-Cd of hizr-1(lf) is significantly different from the ratio
+Cd/-Cd of WT (p<0.05). The absence of an asterisk indicates no significant difference.

approaches are conceptually similar in directly comparing transcript levels, but differed in
cadmium dose and duration, developmental stage of animals, and method to detect transcript
levels; they identified 347 unique candidate genes, since there were some overlaps between these
three lists (Figure 4.1A). Together, these search strategies resulted in a total of 447 candidate
genes: 4 were uniquely identified by mutant hypersensitivity, 96 were uniquely identified by a
predicted HZA enhancer, 301 were uniquely identified by transcript analysis, and 46 were
identified by multiple strategies (Figure 4.1A).
To analyze these 447 candidate genes, we performed qPCR analysis of each gene using a
unique pair of forward and reverse amplification primers (SI Appendix, Table S1). To maximize
the cadmium-specific transcriptional response and limit the non-specific stress-response that
results from cadmium toxicity, we chose a high-dose/short-duration exposure. WT animals were
synchronized at the L4 stage, cultured with 0 or 100 µM CdCl2 for 4 hours, and RNA was
analyzed by qPCR reactions. ama-1, which encodes the large subunit of RNA polymerase II, was
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used as the control gene. Based on the gene expression values, we categorized cadmiumregulated genes in two major groups: 1) ‘cadmium-activated’ genes had an average 2-∆∆Ct value
of greater than 2 (double the transcript level of the gene without cadmium), and the change was
statistically significant based on three biological replicates (p value less than 0.05); 2) ‘cadmiumrepressed’ genes had an average 2-∆∆Ct value of less than 0.5 (half the transcript level of the gene
without cadmium), and the change was statistically significant based on three biological
replicates. Based on these criteria, we identified 127 cadmium-activated genes and 18 cadmiumrepressed genes in WT animals (Figure 4.1B-C, SI appendix, Tables S2-4). None were uniquely
identified by a hypersensitive mutant phenotype, 4 were uniquely identified by a predicted HZA
element, 111 were uniquely identified by transcriptional studies, and 28 were identified by
multiple strategies (Figure 4.1A).
The magnitude of cadmium-activation varied greatly (SI appendix, Figure S1). Three
genes were activated more than 200-fold: mtl-1 (301-fold), cdr-1 (250-fold), T08G5.1 (227fold); two genes were activated ~100-fold: F09C6.3 (110-fold), pals-28 (101-fold); and seven
genes were activated ~50 fold: gst-38 (63-fold), numr-1/-2 (55-fold), clec-74 (54-fold), fbxa-163
(48-fold), hsp-16.48 (46-fold), pals-29 (35-fold). An additional 52 genes displayed greater than
5-fold higher transcript levels in response to cadmium, including previously analyzed genes such
as mtl-2 (25-fold) that encodes a metallothionein protein and ttm-1b (6-fold) and cdf-2 (5-fold)
that encode zinc transporters (SI appendix, Tables S2-3). The remaining 62 genes displayed 2 to
5-fold higher transcript levels in response to cadmium (SI appendix, Tables S2-3). For the 18
genes that displayed cadmium-repression, the largest magnitude was a 10-fold decrease in
transcript levels (SI appendix, Table S4). Although reduced transcript levels might reflect
nonspecific degradation due to cadmium toxicity, this seems unlikely since only ~4% of
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candidate genes (18/447) displayed this effect. Genes that did not meet our criteria might still be
regulated by cadmium in different experimental conditions, such as a different dose, duration of
exposure or developmental stage. Furthermore, because the criterion of at least a two-fold
increase or decrease is arbitrary, genes that displayed less than a two-fold change may be true
targets of cadmium regulation. We identified 55 genes that displayed a statistically significant
increase that was less than 2-fold in WT animals exposed to cadmium (SI appendix, Table S5),
and 51 genes that displayed a statistically significant decrease that was greater than 0.5-fold in
WT animals exposed to cadmium (SI appendix, Table S6).

4.4.2 hizr-1 is necessary for a subset of transcripts to be regulated by cadmium
exposure
The transcriptional response to high dietary zinc is mediated by the HIZR-1 transcription factor
binding to the HZA enhancer 110,113. To determine the role of hizr-1 in cadmium-regulated
transcription, we analyzed the 127 cadmium-activated genes and 18 cadmium-repressed genes in
hizr-1(am286) mutant animals. The hizr-1(am286) nonsense mutation is a strong loss-of-function
(lf) or null resulting in a Q86Stop change 110.
To determine if hizr-1 influences the expression level in the absence of cadmium, we
compared transcript levels in WT and hizr-1(lf) animals cultured in standard medium. Because
our culture conditions are zinc replete, some hizr-1 is zinc-bound and active in the absence of
cadmium. We considered hizr-1 as necessary for expression level in the absence of cadmium if
the average 2-∆∆Ct value of three biological replicates was greater than 2 (double the transcript
level of the gene without cadmium) or less than 0.5 (half the transcript level of the gene without
cadmium) and the change was statistically significant. From the 145 cadmium-regulated genes,
we identified 37 cadmium-regulated genes (31 activated and 6 repressed = 26%) where hizr-1
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was necessary to control the expression level in the absence of cadmium and 108 cadmiumregulated genes (74%) where hizr-1 was not necessary in the absence of cadmium (Figure 4.1BC). For example, in the absence of cadmium hizr-1 repressed expression of F45D11.2/3/4 and
ilys-3 (Figure 4.1N, P) and activated expression of cyp-14A4, sqst-3, and Y48E1B.8 (Figure
4.1O, Q, S), since the expression level changes significantly in hizr-1(lf) mutants.
To determine if hizr-1 influences the expression level in the presence of cadmium, we
compared transcript levels in wild type and hizr-1(lf) animals in the presence of cadmium.
Furthermore, we compared the ratio of expression level in the absence and presence of cadmium
in the wild type and hizr-1(lf) mutant to account for the possibility that hizr-1 influences
expression in both conditions. For 38/127 cadmium-activated genes (30%), the 2-∆∆Ct level of
WT worms cultured on cadmium was significantly higher than the 2-∆∆Ct level of hizr-1(lf)
mutant worms cultured on cadmium (Figure 4.1B, SI appendix, Table S2). Thus, for these genes
hizr-1 was necessary for the full extent of cadmium activation. Nineteen of these genes were
induced greater than 5-fold in wild type, including cdr-1, mtl-1, mtl-2, ttm-1b, and cdf-2 (SI
appendix, Table S2). Fourteen genes were induced 2 to 5-fold in wild type animals, including
pgp-1 (2-fold) (SI appendix, Table S2). For some genes, the dramatic activation by cadmium was
almost completely abrogated in the hizr-1(lf) mutant animals: comparing fold activation in WT
and hizr-1(lf), mtl-1 changed from 300-fold to 3.0-fold, cdr-1 changed from 250-fold to 1.4-fold,
mtl-2 changed from 24-fold to 0.5-fold, and cdf-2 changed from 5.5-fold to 1.1-fold (Figure
4.1D-G). For some genes, cadmium-activated transcription was reduced but still significant in
the hizr-1(lf) mutants exposed to cadmium: ttm-1b changed from 6.2-fold in wild type to 3.5-fold
in hizr-1(lf) mutants (Fig. 4.1H). For the numr-1/-2 genes, the level of transcripts in the presence
of cadmium was significantly reduced in hizr-1(lf) mutants; however, the hizr-1 fold change was
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not significantly different form the WT fold change, because hizr-1 influences expression in the
absence of cadmium (Fig. 4.1I). For 13 genes, hizr-1 was necessary for cadmium activation, and
hizr-1 also influenced the level of expression in the absence of cadmium (Figure 4.1D, F, N, O).
For 89/127 cadmium-activated genes (70%), transcript levels in the hizr-1(lf) mutant
were similar to or higher than wild type. (Figure 4.1J-M, SI appendix, Tables S2-3). This group
includes seven heat shock proteins. For 18 genes, the expression level in the absence of cadmium
was significantly different in hizr-1 mutants compared to WT, indicating hizr-1 regulates
transcript levels in standard culture conditions (Figure 4.1P-Q).
For the 18 cadmium-repressed genes, hizr-1 was not necessary for transcript levels in 12
cases (67%) and affected transcript levels in the absence of cadmium in 6 cases (33%) (Figure
4.1C, SI appendix, Table S4). For example, cadmium exposure repressed fat-7 transcript levels
about 10-fold in both WT and hizr-1(lf) animals (Figure 4.1R). Cadmium exposure repressed
Y48E1B.8 transcript levels about 10-fold in wild type; hizr-1(lf) animals displayed lower
transcript levels in the absence of cadmium but still displayed repression in the presence of
cadmium (Figure 4.1S).
Based on the qPCR expression values, we categorized cadmium-regulated genes into four
groups. 1) hizr-1 was necessary for baseline expression levels in the absence of cadmium (18
activated/6 repressed), 2) hizr-1 was necessary for activation or repression in the presence of
cadmium (25 activated/0 repressed), 3) hizr-1 was necessary for baseline expression levels in the
absence of cadmium and activation or repression in the presence of cadmium (13 activated/0
repressed), and 4) hizr-1 was not necessary for baseline expression levels in the absence of
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cadmium or activation or repression in the presence of cadmium (71 activated/12 repressed)
(Figure 4.1B-C, SI appendix, Tables S2-4).

4.4.3 hizr-1 mediates cadmium-activated transcription through the HZA
enhancer
To analyze the mechanism of hizr-1 in cadmium-activated transcription, we investigated the
hypothesis that HIZR-1 acts via the HZA enhancer. We analyzed the mtl-1 promoter that
contains an experimentally confirmed HZA element 113. Transgenic young adult animals with an
extrachromosomal array containing the mtl-1 promoter expressing GFP were cultured overnight
with or without cadmium and analyzed for GFP expression by fluorescence microscopy.
Cadmium exposure caused strong GFP fluorescence in intestinal cells (Figure 4.2A). To
determine the contribution of the HZA enhancer, we analyzed the mtl-1 promoter with a
scrambled HZA sequence; these transgenic animals did not display GFP fluorescence in response
to cadmium exposure (Figure 4.2A). To determine if the HZA enhancer is sufficient to mediate
transcriptional activation in response to cadmium, we analyzed transgenic animals with an
extrachromosomal array containing a basal pes-10 promoter with 3 HZA elements expressing
nuclear localized GFP. In response to cadmium exposure, these animals displayed strong GFP
fluorescence in intestinal cells, indicating the HZA enhancer is sufficient for the cadmium
response (Figure 4.2B). Thus, the HZA enhancer was necessary and sufficient for transcriptional
activation in response to cadmium exposure.
To determine if hizr-1 mediates transcriptional activation in response to cadmium via the
HZA enhancer, we analyzed hizr-1(lf) animals. Upon cadmium exposure, hizr-1(lf) transgenic
animals with an extrachromosomal array containing a basal pes-10 promoter with 3 HZA
elements did not display fluorescence (Figure 4.2B). Thus, hizr-1 was necessary for this
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Figure 4.2: The HZA enhancer and hizr-1 mediated cadmium-activated transcription. (A) Diagrams (not to
scale) of the mtl-1 promoter region extending 489 bp upstream of the start codon (black outline) fused to the GFP
coding region (green box). The endogenous HZA element (yellow box) was mutated by scrambling the nucleotide
sequence (scr/black box) 113. Fluorescence microscopy images show hizr-1(+) transgenic animals that contain
extrachromosomal arrays with these promoters that were cultured for 16 hours with 0 or 1 µM cadmium starting at
the L4/adult stage. Images were captured using identical settings and exposure times; bright field images are
shown in insets. A white arrowhead indicates strong GFP expression in the intestine. Scale bars = 100 µm. (B) A
diagram (not to scale) of the pes-10 minimal promoter containing three tandem copies of a 62-bp fragment of the
mtl-1 promoter that includes the HZA element (yellow box) fused to the GFP coding region with a nuclear
localization signal (N-GFP). Transgenic animals that contain an extrachromosomal array with this promoter were
hizr-1(+) or hizr-1(am286) mutants and were cultured and imaged as above. White arrowheads indicate nuclear
localized GFP expression in intestinal cells. Scale bars = 100 µm.
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response. These results indicate that cadmium acts through HIZR-1 and the HZA enhancer to
activate transcription in vivo.

4.4.4 Cadmium promotes nuclear accumulation of HIZR-1 in animals
Nuclear receptor transcription factors are typically regulated by translocating to the nucleus in
response to ligand binding 209,256,257. The HIZR-1 nuclear receptor accumulates in the nucleus of
intestinal cells when animals are exposed to high dietary zinc 110. To determine if cadmium
exposure also causes nuclear accumulation of HIZR-1, we analyzed transgenic animals with an
extrachromosomal array expressing HIZR-1::GFP fusion protein. To quantify the HIZR-1
response, we counted the number of GFP-positive intestinal nuclei in each exposed animal. In
standard culture medium, HIZR-1::GFP protein did not accumulate in intestinal nuclei.
Incubation with 30, 50, 100, or 300 µM supplemental zinc for 4-6 hours caused on average 24 of
the intestinal cells to display nuclear accumulation of HIZR-1::GFP (Figure 4.3A-B). By
contrast, incubation with the same concentrations of supplemental manganese, another
physiological metal, did not cause appreciable nuclear accumulation of HIZR-1, indicating the
effect is metal specific (Figure 4.3A-B). Incubation with the same concentrations of cadmium
caused on average 10 intestinal nuclei to display accumulation of HIZR-1::GFP, a significant
increase compared to standard medium or treatment with manganese, although significantly
lower than the effect of zinc in all concentrations of metal tested (Figure 4.3A-B, SI appendix,
Figure S2). Thus both zinc and cadmium caused nuclear accumulation of HIZR-1 (Figure 4.3C).

4.4.5 Cadmium binds the HIZR-1 ligand-binding domain in purified extracts
Nuclear receptors are composed of two functionally independent domains; the ligand-binding
domain and the DNA binding domain. The HIZR-1 ligand-binding domain directly binds zinc,
providing biochemical support for the model that HIZR-1 functions as the high zinc sensor 110.
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To determine if HIZR-1 also binds cadmium, we analyzed the ability of cadmium to compete
with zinc for binding to the HIZR-1 ligand-binding domain. The ligand-binding domain of
HIZR-1 (residues 101-412) fused to glutathione S-transferase (GST::HIZR-1(101-412)) was
expressed in bacteria and partially purified using affinity chromatography. GST::HIZR-1(10193

Figure 4.3: Cadmium promoted nuclear accumulation of HIZR-1 in animals and directly bound the HIZR1 ligand-binding domain in purified extracts. (A) Diagram (not to scale) of the hizr-1 promoter region
extending 444 bp upstream of the start codon (black outline), the endogenous HZA element (yellow box), and the
full length HIZR-1 coding region (red box) fused in frame to the GFP coding region (green box) 110. Fluorescence
microscopy images show transgenic hizr-1(am286) animals that contain an extrachromosomal array with this
promoter cultured for 6 hours on noble agar minimal media (NAMM) with no supplemental metal or 100 µM
supplemental zinc, cadmium, or manganese starting at the L4/adult stage. Images were captured using identical
settings and exposure times; bright field images are shown in insets. White arrowhead indicates nuclear localized
GFP expression in intestinal cells. Small punctae in fluorescence images appear to be autofluorescence derived
from gut granules, lysosome-related organelles that accumulate fluorescent material. Scale bar = 100 µm. (B)
Values are the average number of GFP-positive alimentary nuclei per animal +/- S.E.M. (n = 8–18 animals). The
values for manganese were not significantly different from the 0 µM control at these four concentrations (p >
0.10). Zinc displayed significantly higher values than cadmium, and zinc and cadmium were both significantly
higher than manganese (*, p < 0.05). (C) Model showing cadmium (orange circle) directly binding the HIZR-1
ligand-binding domain (LBD), stimulating translocation from the cytoplasm to the nucleus. (D) The ligandbinding domain of HIZR-1 (residues 101–412) fused to GST was expressed in bacteria, partially purified by
affinity chromatography, and incubated with radioactive Zn-65 and no additional metal (0) or increasing
concentrations of nonradioactive zinc, cadmium, or manganese. Values in arbitrary units (A.U.) indicate the
average amount of Zn-65 bound to protein quantified by filter binding and scintillation counting +/- S.D. (n = 46); the value with no additional metal was set equal to 1.0. Nonradioactive zinc and cadmium displayed
significantly lower values than nonradioactive manganese, and zinc was slightly but significantly lower than
cadmium (*, p < 0.05) (two-tailed Student’s t test). The values for manganese were not significantly different from
the 0 µM control at these three concentrations (p = 0.8-0.08).

412) protein was incubated with radioactive Zn-65, washed, and bound Zn-65 was measured.
Incubation with 3 µM, 30 µM and 300 µM nonradioactive zinc caused significant reduction of
bound Zn-65, whereas incubation with nonradioactive manganese did not effectively displace
radioactive Zn-65 (Figure 4.3D). Thus, the HIZR-1 ligand-binding domain displays metal
specific binding. Nonradioactive cadmium competed effectively for binding with Zn-65 – the
effect was similar to nonradioactive zinc, but statistical tests indicate cadmium binds slightly less
effectively than zinc (p value < 0.005) (Figure 4.3D, SI appendix, Figure S3). Thus, the HIZR-1
ligand-binding domain can directly bind cadmium similar to zinc (Figure 4.3C).

4.4.6 There is significant overlap between genes activated by cadmium and
high zinc
If cadmium directly binds and activates HIZR-1, then we predict there will be an overlap
between the genes activated by high zinc and cadmium. While several genes are established to be
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highly activated by both high zinc and cadmium, such as mtl-1, a systematic comparison has not
been reported. To perform this analysis, we used the method of RNA-seq to compare
transcriptional profiles of mixed-stage wild-type and hizr-1 mutant animals exposed to no
supplemental metal, 100 µM cadmium, or 200 µM supplemental zinc for 16 hours. Compared to
wild-type animals cultured in standard medium, 844 and 135 genes were significantly activated
greater than 2-fold by high zinc or cadmium exposure (Figure 4.4A). Eighty-two genes were
activated by both high zinc and cadmium, whereas 53 genes were activated by cadmium but not
high zinc exposure (Figure 4.4A, SI appendix, Tables S7-8). Thus, most but not all cadmiumactivated genes are also activated by high zinc, consistent with the model that there is a shared
mechanism of regulation.
To investigate the role of hizr-1 in regulation of the 82 overlapping genes, we analyzed
activation of these genes in hizr-1(lf) mutant animals. Using the criteria that the transcript level
in hizr-1(lf) mutant animals was less than half the transcript level in WT animals, we identified
18 genes (Figure 4.4J, Table S7). These genes are significantly activated by both high zinc and
cadmium, and hizr-1 is necessary for full activation with both metals.
To investigate the role of the HZA enhancer, we compared these lists to the list of genes
with predicted HZA enhancers identified by Roh et. al. 113. Of the 82 genes activated by both
high zinc and cadmium, 18 contain a predicted HZA enhancer, including the seven genes with
the highest fold activation by cadmium (Figure 4.4J, SI appendix, Table S7). By contrast, of the
53 genes activated by cadmium but not high zinc exposure, only two contain a predicted HZA
enhancer (SI appendix, Table S8). The list of predicted HZA elements is not definitive, since it is
likely to be missing true positives and contain false positives (predicted enhancers that are not
functional). Nevertheless, there appear to be a substantial number of genes that are activated by
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Figure 4.4: Many genes are regulated similarly by cadmium, zinc, and hizr-1. (A) RNA-seq data was used to
identify genes significantly activated more than 2-fold by cadmium or high zinc. The Venn diagram shows overlap
between these lists. (B-F) WT, hizr-1(am286), and mtl-1(tm1770) mtl-2(gk125) animals at the L4 stage were
cultured for 4 hours with standard medium (white), 100 µM cadmium (black) or 100 µM supplemental zinc
(gray). Transcript levels were determined by qPCR. Bars indicate average mRNA level in arbitrary units (A.U.)
for two or three biological replicates, and error bars indicate S.D.; values were normalized by setting the value for
WT in standard medium to an average of 1.0 for each gene. All genes were significantly activated by cadmium
and zinc in WT. Three additional comparisons were performed as indicated by horizontal lines (WT +Cd to hizr-1
+Cd, hizr-1 +Cd to mtl-1 mtl-2 +Cd, and WT +Cd to mtl-1 mtl-2 +Cd). *, p<0.05; **, p<0.01; ns, no significant
difference, p>0.05. (G) RNA seq data was used to identify genes that were activated by cadmium and high zinc in
WT and displayed at least 2-fold reduced activation in hizr-1(lf) mutants. Fold change represents transcript level in
metal supplemented medium compared to control medium. P value compares fold change to a value of 1.0. *,
p<0.05; ***, p<0.001; ****, p<0.0001; *****, p<0.00001; ns, no significant difference, p>0.05. HZA enhancers
are predicted by bioinformatics (P, 113) or confirmed by mutagenesis (C, 111, 113). A “?” indicates genes with
unknown HZA enhancer status.
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both high zinc and cadmium, contain a predicted HZA enhancer, and require hizr-1 for full
activation by both metals.

4.4.7 Metallothionein function was not necessary for hizr-1 to mediate
transcriptional activation in response to cadmium
Based on our results, we hypothesize that cadmium directly binds and activates HIZR-1 in
animals. An alternative model is that cadmium displaces zinc from proteins such as
metallothionein, resulting in an increase in the level of labile zinc, and zinc directly binds and
activates HIZR-1 in animals. Indeed, Zhang et al. proposed such a model for the mechanism of
cadmium activation of MTF in a cell-free transcription assay using vertebrate cells 258. While
direct measurement of the metal that is bound to HIZR-1 in animals could distinguish these
alternative models, that is not technically feasible. To address this alternative model, we
analyzed double mutant animals that lack mtl-1 and mtl-2. L4 stage wild type, hizr-1(lf) mutants,
and mtl-1(lf) mtl-2(lf) double mutants were cultured with no supplemental metal, 100 µM
cadmium, or 100 µM supplemental zinc for 4 hours, and RNA levels were analyzed by qPCR.
As expected, mtl-1 and mtl-2 transcripts were not detectable in mtl-1(lf) mtl-2(lf) double mutant
animals (Figure 4.4B, C). cdf-2 and cdr-1 were significantly activated by high zinc and
cadmium, and hizr-1 was necessary for this activation. By contrast mtl-1 mtl-2 was not necessary
for activation by either metal, and cdr-1 levels were actually significantly higher in mtl-1 mtl-2
mutants exposed to cadmium compared to wild type (Figure 4.4D, E). pals-28 was significantly
activated by high zinc and cadmium, and hizr-1 was partially necessary for activation by
cadmium. By contrast mtl-1 mtl-2 was not necessary for activation by cadmium (Figure 4.4F).
These results do not support the model that metallothionein plays an important role in HIZR-1
mediated transcriptional activation in response to cadmium by providing a source of labile zinc.
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4.4.8 Most cadmium-activated genes do not play a major functional role in
cadmium resistance
If a gene is transcriptionally activated by cadmium exposure, then that gene is a candidate to play
a functional role in cadmium detoxification. To test this possibility, we analyzed loss-of-function
mutants for hypersensitivity to cadmium toxicity. Growth rate is a sensitive measure of
physiology that is reduced by cadmium exposure and can be readily quantified 198. To measure
growth rate, we synchronized animals at the L1 stage, cultured them with 2.5 µM cadmium for
three days, and measured the length of animals. To provide a basis for comparison, we first
analyzed mutations in genes reported to cause hypersensitivity to cadmium toxicity.
Phytochelatin synthase is an enzyme that catalyzes the oligomerization of glutathione monomers
into a multimer of glutathione, a non-genetic tri-peptide called a phytochelatin. Phytochelatins
are important for detoxification of many chemicals 259,260. The C. elegans genome sequence led
to the discovery of pcs-1, which encodes a homolog of phytochelatin synthase 122. pcs-1(lf)
mutants are extremely hypersensitive to cadmium exposure 125, and we observed a significant
reduction in growth rate for cadmium-exposed pcs-1(lf) mutants (Figure 4.5A). hmt-1 encodes a
functional homolog of the human ABC6 transporter 81, and hmt-1(lf) mutants displayed extreme
hypersensitivity to cadmium exposure (Figure 4.5A). mek-1, sek-1 and mlk-1 encode kinases
involved in the stress response to multiple toxins 261. The mlk-1 single mutant and the mek-1 sek1 double mutant strains displayed moderate hypersensitivity to cadmium exposure (Figure 4.5A).
Thus, all of these genes play important functional roles in cadmium detoxification, consistent
with previous reports. Notably, none of these genes met our criteria for transcriptional activation
by cadmium. mek-1, mlk-1 and hmt-1 displayed no significant difference in transcript levels in
WT animals exposed to cadmium, and pcs-1 displayed a 1.8-fold increase that was statistically
significant but below our criteria of 2-fold regulation (Figure 4.5B). Thus, these genes play
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Figure 4.5: Mutations in many cadmium-activated genes did not cause hypersensitivity to cadmium
exposure. (A) WT and mutant strains were synchronized at the L1 stage, cultured on NAMM dishes with 2.5 µM
cadmium for three days, and the length of animals was measured. Bars indicate average worm length in arbitrary
units (A.U.), and lines indicate S.D. (N = 7-16 animals per strain); values were normalized by setting the value for
WT to an average of 1.0. WT is black, positive control genes reported to cause hypersensitivity to cadmium are
gray, and experimental genes are blue or white corresponding to Figure 1B. The horizontal black line indicates the
length of L1 stage worms at the start of the experiment. An asterisk (*) indicates a significant difference compared
to WT (P < 0.05) (Kruskal-Wallis ANOVA) (B) WT and hizr-1(am286) mutant animals at the L4 stage were
exposed to 0 or 100 µM cadmium for 4 hours. Transcript levels were determined by qPCR. Bars indicate average
mRNA level in arbitrary units (A.U.) for three biological replicates, and error bars indicate S.D.; values were
normalized by setting the value for WT with 0 µM cadmium to an average of 1.0 for each gene. Comparisons are
shown as described in Figure 1 D-S.

important functional roles but their transcript levels are not strongly regulated by cadmium
exposure.
To analyze genes that are transcriptionally activated by cadmium exposure, we examined
deletion mutations that are likely to cause a strong loss-of-function. Deletion mutations for many
C. elegans genes are publicly available, and we obtained mutations of 13 genes that are activated
by cadmium and required hizr-1 for full activation (bcmo-2, swt-6, cdf-2, ttm-1, pgp-1, gst-33,
sqst-3, ilys-3, hsp-16.41, math-34, C29F7.1, and the double mutant mtl-1 mtl-2). For 11 mutant
strains, the growth rate in the presence of cadmium was not significantly different from wild type
(Figure 4.5A). For one mutant strain (C29F7.1), the growth rate was significantly less than wild
type; however, the defect was relatively mild since the C29F7.1 growth rate was higher than the
four mutant strains used as positive controls. We obtained mutations of 11 genes that are
activated by cadmium and did not require hizr-1 for full activation (rrf-2, hsp-17, PDB1.1, gst-5,
pgp-9, F55H12.2, skr-5, F49H6.5, ins-7, cld-9, and W03G1.5). For 11 mutant strains, the growth
rate in the presence of cadmium was not significantly different from wild type (Figure 4.5A). For
one mutant strain (W03G1.5), the growth rate was significantly less than wild type; however, the
defect was relatively mild since the W03G1.5 growth rate was higher than the four mutant strains
used as positive controls. Thus, of the 24 genes analyzed, only two mutations caused mild
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cadmium hypersensitivity, whereas 22 genes were not necessary for animals to display a normal
growth rate during cadmium exposure.

4.4.9 hizr-1 mediates resistance to high zinc but not cadmium, the pcs-1/hmt-1
pathway mediates resistance to cadmium but not high zinc, and the mek-1/sek1 pathway mediates resistance to high zinc and cadmium
hizr-1(lf) mutants are extremely hypersensitive to high zinc toxicity, as indicated by a
significantly reduced growth rate when cultured with supplemental zinc (Figure 4.6A) 110. To
determine the role of hizr-1 in cadmium resistance, we thoroughly analyzed growth using 10
different concentrations of cadmium ranging from 1 to 10 µM. hizr-1(lf) mutants were not
significantly different than wild type at most concentrations. However, hizr-1(lf) mutants
displayed a small but significant increase in growth rate at 5, 8, 9 and 10 µM cadmium,
suggesting the activity of hizr-1 makes animals slightly sensitive to cadmium toxicity (Figure
4.6B). Thus, hizr-1 was necessary for resistance to high zinc toxicity but was not necessary for
resistance to cadmium toxicity.
To further explore the role of hizr-1, we tested for possible redundancy with other genes
involved in cadmium resistance by generating strains containing the hizr-1(lf) mutation in
combination with pcs-1(lf), hmt-1(lf) and mek-1(lf) sek-1(lf). The pcs-1(lf) mutant strain
displayed a slightly reduced growth rate in standard medium compared to wild type. When
cultured with increasing levels of supplemental zinc, the pcs-1(lf) mutant and wild type displayed
similar patterns of dose dependent decrease in growth, since the pcs-1(lf) curve was parallel to
wild type (Figure 4.6C). The pcs-1(lf); hizr-1(lf) double mutant strain was similar to the hizr-1(lf)
single mutant strain in high zinc sensitivity. Thus, pcs-1 was not necessary for high zinc
resistance. By contrast, the pcs-1(lf) mutant displayed extreme hypersensitivity to cadmium
exposure; in the presence of 0.3 µM cadmium the pcs-1(lf) mutant strain displayed almost
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Figure 4.6: Genetic
analysis of hizr-1,
pcs-1, hmt-1, mtl-1
mtl-2 and mek-1 sek1 in high zinc and
cadmium toxicity.
Animals were
synchronized as eggs
or L1 larva and
cultured on NAMM
dishes with
supplemental zinc or
cadmium. After 3.5
days for eggs or 3
days for L1 larva,
worms were imaged,
and individual worm
length was measured.
With no additional
metal added, these
culture times were
adequate for animals
to grow and develop
to gravid adults.
Genotypes were hizr1(am286), pcs1(tm1748), mtl1(tm1170) mtl2(gk125), hmt1(gk161), mek1(ks54) sek-1(qd127),
or the indicated
double and triple
mutants. Values are
average animal
length +/- S.D. N=348 animals. The
dotted line indicates
the average length of
L1 stage worms at
the beginning of the
assay (~200 µm);
values similar to this
line indicate no
growth after 3 days.
In panel A-B, *,
p<0.05.
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complete failure to grow. Interestingly, the pcs-1(lf); hizr-1(lf) double mutant strain displayed
even greater sensitivity to cadmium; in the presence of 0.03 µM cadmium the double mutant
strain displayed almost complete failure to grow (Figure 4.6D). Thus, pcs-1 was necessary for
resistance to cadmium toxicity but was not necessary for resistance to high zinc toxicity. In the
absence of the pcs-1 gene, hizr-1 was necessary for cadmium resistance, indicating that hizr-1
may promote cadmium resistance in a manner that is redundant with pcs-1.
When cultured with increasing levels of supplemental zinc, the hmt-1(lf) mutant and wild type
displayed similar patterns of dose dependent decrease in growth (Figure 4.6G). The hmt-1(lf);
hizr-1(lf) double mutant strain was similar to the hizr-1(lf) single mutant strain in high zinc
sensitivity. Thus, hmt-1 was not necessary for high zinc resistance. By contrast, the hmt-1(lf)
mutant displayed extreme hypersensitivity to cadmium exposure, and the hmt-1(lf); hizr-1(lf)
double mutant strain was similar to the hmt-1 single mutant (Figure 4.6H). Thus, hmt-1 was
necessary for resistance to cadmium toxicity but was not necessary for resistance to high zinc
toxicity. In the absence of the hmt-1 gene, hizr-1 was not necessary for cadmium resistance,
indicating that hizr-1 is not redundant with hmt-1.
The mek-1 (ks54) mutation was reported to cause hypersensitivity to cadmium 89,90,93. It was
recently discovered that this strain also contains a loss-of-function mutation in the tightly linked
sek-1 gene, suggesting the phenotypes displayed by this strain result from the loss of function of
both genes 261,262. When cultured with increasing levels of supplemental zinc, the mek-1(lf) sek1(lf) double mutant displayed significant hypersensitivity, similar to the hizr-1(lf) mutant (Figure
4.6I). Thus, mek-1/sek-1 activity promotes resistance to high zinc toxicity. The mek-1(lf) sek-1(lf)
hizr-1(lf) triple mutant strain was even more sensitive, indicating the defects caused by hizr-1(lf)
and mek-1(lf) sek-1(lf) are additive, and that hizr-1 and mek-1/sek-1 function by distinct
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mechanisms to promote resistance to high zinc. Thus, mek-1 and sek-1 were necessary for high
zinc resistance, and these genes function non-redundantly with hizr-1. The mek-1(lf) sek-1(lf)
mutant displayed moderate hypersensitivity to cadmium exposure (Figure 4.6J). Thus, mek1/sek-1 activity promotes resistance to cadmium toxicity. The mek-1(lf) sek-1(lf) hizr-1(lf) triple
mutant strain was similar to the mek-1(lf) sek-1(lf) double mutant (Figure 4.6J). Therefore, hizr-1
was not necessary for cadmium resistance in the absence of the mek-1 and sek-1 genes. Overall,
these results indicate that mek-1/sek-1 was necessary for resistance to both high zinc and
cadmium toxicity.
To explore the function of metallothioneins, we analyzed mtl-1(lf) mtl-2(lf) double mutants.
When cultured with increasing levels of supplemental zinc or cadmium, mtl-1(lf) mtl-2(lf) double
mutants displayed growth similar to wild type (Figure 4.6E, F). Thus, these genes are not
necessary for growth in the presence of zinc or cadmium in an otherwise wild type background.
To investigate redundancy with pcs-1, we generated a pcs-1(lf); mtl-1(lf) mtl-2(lf) triple mutant.
The pcs-1(lf) mutant displayed strong hypersensitivity to cadmium exposure, and the pcs-1(lf);
mtl-1(lf) mtl-2(lf) triple mutant strain displayed even greater sensitivity to cadmium; in the
presence of 0.003 µM cadmium, the double mutant strain displayed almost complete growth
failure (Figure 4.6F). When analyzed in parallel, the pcs-1(lf); mtl-1(lf) mtl-2(lf) triple mutant
was more sensitive to cadmium exposure than the pcs-1(lf); hizr-1(lf) double mutant (SI
appendix, Figure S4). Thus, in the absence of the pcs-1 gene, mtl-1 mtl-2 was necessary for
cadmium resistance, indicating that metallothioneins may promote cadmium resistance in a
manner that is redundant with pcs-1.
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4.4.10 Cadmium and supplemental zinc generally cause additive toxicity
In high doses, cadmium and supplemental zinc cause toxicity, and we expect that combinations
will cause additive toxicity. However, it is possible that low doses of supplemental zinc might
protect against cadmium toxicity or vice versa. To investigate this possibility, we exposed L1stage wild type, hizr-1(lf), pcs-1(lf) and pcs-1(lf); hizr-1(lf) animals to mixtures of cadmium and
supplemental zinc for 3 days and measured length. In most cases, increasing amounts of
supplemental zinc or cadmium decreased the average length of worms, indicating additive
toxicity (SI appendix, Table S9). However, there were cases in which an increase in
supplemental zinc resulted in a small but statistically significant increase in length (SI appendix,
Table S9). In addition, there were cases in which an increase in cadmium resulted in a small but
statistically significant increase in length (SI appendix, Table S9). Such cases were observed in
mutant animals, but not necessarily at the same concentrations. These findings might reflect
experimental variability, since the differences were small; alternatively, they might indicate that
supplemental zinc can partially ameliorate cadmium toxicity in some cases and cadmium can
partially ameliorate high zinc toxicity in some cases.

4.5 Discussion
4.5.1 Cadmium hijacks the high zinc homeostasis response by binding and
activating HIZR-1
Warnhoff et al. 110 established that HIZR-1 functions as the high zinc receptor in C. elegans: (1)
the HIZR-1 ligand-binding domain directly binds zinc; (2) HIZR-1 accumulates in the nucleus of
intestinal cells in response to high dietary zinc; (3) the HIZR-1 DNA binding domain directly
binds the HZA enhancer; (4) HIZR-1 activates transcription of zinc homeostasis genes, including
genes encoding the zinc transporters CDF-2 and TTM-1B 70,110,144,146. Genetic studies
demonstrate that HIZR-1 is necessary for resistance to high dietary zinc, indicating HIZR-1 is
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the master regulator of high zinc homeostasis 110,111. Here we show that the HIZR-1 ligandbinding domain directly binds cadmium in purified extracts; the affinity for cadmium was similar
to the affinity for zinc based on competition experiments, although these data did not establish
the Kd for either metal. Cadmium exposure caused HIZR-1 to accumulate in the nucleus of
intestinal cells, where it activated transcription through the HZA enhancer. For many wellstudied genes that are strongly activated by cadmium exposure, hizr-1 was necessary for robust
induction. These observations suggest that HIZR-1 is the high zinc receptor and can function as a
cadmium receptor (Figure 4.7A).
Nuclear receptors are characterized by a modular structure: the ligand-binding domain
regulates activity, and the DNA-binding domain interacts with specific enhancer elements.
Nuclear receptors are found throughout the animal kingdom, even in creatures without endocrine
systems, where they may play roles in environmental sensing 209. There are about 50 nuclear
receptors in humans, and about half of these receptors have known activating ligands, which are
typically small hydrophobic molecules such as steroid hormones or lipids 256. The description of
HIZR-1 as a nuclear receptor that uses zinc as a ligand established metal ions as a new class of
ligands for a nuclear receptor. Here we extend this observation by showing that a second metal
ion, cadmium, can also function as a ligand for this nuclear receptor. These results raise the
possibility that one or more orphan human nuclear receptors may also use metals as ligands.
Shomer et al. 111 recently reported that HIZR-1 interacts with MDT-15, a protein that is part of
the mediator complex and important for a variety of transcriptional responses to stress. Cadmium
promoted this binding interaction, which is consistent with our model that cadmium can function
as a ligand for HIZR-1. An alternative model is that cadmium exposure displaces zinc bound to
metallothioneins, thereby increasing the level of labile zinc, and zinc directly binds and activates
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Figure 4.7: The hizr-1 pathway promotes high zinc detoxification, the pcs-1 pathway promotes cadmium
detoxification, and the mek-1/sek-1 pathway promotes both high zinc and cadmium detoxification. (A)
Molecular model of the transcriptional response to cadmium. Dietary cadmium (Cd) enters intestinal cells, binds
the ligand-binding domain of HIZR-1, and promotes nuclear accumulation, HZA enhancer binding, and
transcriptional activation of hizr-1 dependent genes. Cadmium activates transcription of additional genes
independent of HIZR-1 by an undefined mechanism (B) HIZR-1 can directly bind zinc, and the Zn/HIZR-1
complex activates cdf-2 and ttm-1 to promote zinc detoxification. Cadmium can also directly bind HIZR-1, and
the Cd/HIZR-1 complex also activates cdf-2 and ttm-1. pcs-1 promotes formation of phytochelatin, which can
directly bind cadmium, leading to cadmium detoxification. The mek-1/sek-1 pathway can promote both high zinc
and cadmium detoxification.

HIZR-1 258. The results presented here do not rigorously exclude this alternative model, because
the metal bound to HIZR-1 in animals was not determined. However, we demonstrated that
metallothionein genes were not necessary for cadmium to induce HIZR-1 dependent
transcription, indicating that metallothionein is not a necessary source of labile zinc.
The toxicity of cadmium in biological systems is well established, but the mechanisms of
toxicity remain poorly defined. One prominent model is that cadmium binds proteins in
physiological binding sites for another metal, such as zinc, copper, or calcium, displacing the
physiological metal and decreasing protein function. A variation of this model is that cadmium
binds to cryptic binding sites and decreases protein function. However, there is little direct
evidence for these models. In principle, cadmium binding to a protein has three potential effects:
1) decreased or abolished function, 2) no effect, or 3) promotion of normal function or aberrant
activation. A recent study of the intermolecular zinc-binding site in the hook domain of RAD50
found this metal-binding domain had a substantially greater affinity for cadmium 263. The
irreversible binding of cadmium to the hook domain could be interpreted as decreased or
abolished function of RAD50 in DNA damage sensing and repair. Here we show that cadmium
binding to HIZR-1 caused activation, including nuclear localization in intestinal cells and
activation of transcription. If HIZR-1 is a physiological cadmium receptor that evolved to sense
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cadmium as well as zinc, then this activation can be interpreted as promotion of normal function.
Alternatively, because HIZR-1 is the physiological high zinc receptor, activation by cadmium
exposure can be interpreted as aberrant activation in a situation where zinc levels are not high.
According to this interpretation, cadmium functions as a zinc mimetic to hijack the high zinc
homeostasis response by binding and activating HIZR-1. Thus, cadmium binding to HIZR-1
promotes normal function or aberrant activation, but it does not appear to decrease or abolish
function.
Other proteins have been reported to be functional when bound to cadmium. In terrestrial
systems, the enzyme carbonic anhydrase requires zinc for function. Interestingly, a carbonic
anhydrase was discovered in the marine diatom Thalassiosira weissflogii that functions when it
is bound to cadmium 264. This protein enabled the diatoms to grow in zinc-deficient conditions
when cadmium was present. These results suggest that in marine systems where zinc may be
limiting, a protein evolved to use cadmium instead of zinc. Metallothioneins are small proteins
that were first discovered because of their ability to bind cadmium 265,266, and metallothionein
genes are strongly transcriptionally activated by cadmium exposure. These observations led to
the model that metallothioneins bind cadmium and thereby protect against cadmium toxicity
115,119,126

. According to this model, cadmium binding constitutes normal metallothionein

function. However, metallothioneins also bind physiological metals such as zinc and copper.
Thus, an alternative interpretation is that cadmium binding displaces physiological metals such
as zinc, decreasing protein function. To distinguish between these models, it is important to
measure the function of metallothioneins. If cadmium binding to metallothioneins plays an
important role in cadmium tolerance, then mutations that eliminate metallothionein function are
predicted to cause hypersensitivity to cadmium toxicity. By contrast, if cadmium binding
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decreases the function of metallothioneins, then mutations that eliminate metallothionein
function are predicted to have little effect on cadmium toxicity. Here we show that a double
mutant strain with deletions of both C. elegans metallothionein genes was not significantly more
sensitive to cadmium toxicity or high zinc toxicity compared to wild type. This is consistent with
previous studies in C. elegans showing metallothionein mutant strains display weak or negligible
cadmium hypersensitivity 115,116. By contrast, deletion of both C. elegans metallothionein genes
enhanced the cadmium hypersensitivity displayed by a pcs-1 mutant that is defective in
generating phytochelatins, consistent with a previous report 116. Thus, C. elegans
metallothioneins may promote cadmium detoxification in a manner that is redundant with pcs-1.
In mice, which do not appear to generate phytochelatin, the loss of two metallothionein genes
makes the animals more sensitive to cadmium-induced hepatotoxicity 267. The analysis of HIZR1 presented here advances the understanding of how cadmium exposure affects protein function
by demonstrating a specific protein that binds and is activated by cadmium in a terrestrial animal.

4.5.2 The transcriptional response to cadmium includes hizr-1 dependent and
independent genes
We identified 127 genes that were significantly activated by cadmium exposure in WT animals.
For about 30% of these genes, the activation by cadmium was significantly reduced or
eliminated in hizr-1(lf) mutants. These transcripts included some of the most dramatically
activated genes, such as mtl-1 (300-fold to 3-fold), cdr-1 (250-fold to 1-fold), T08G5.1 (220-fold
to 2-fold), and mtl-2 (24-fold to 0.5-fold). To evaluate the function of these activated genes in
resistance to cadmium toxicity, we analyzed a selection of strong loss-of-function or null
mutations. Most of these mutant strains were not significantly different compared to wild type.
These results suggest that these genes do not play a major role in cadmium resistance, and their
activation in response to cadmium is unlikely to significantly blunt the toxic effects of cadmium.
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It is possible that these genes play redundant functions or minor roles in cadmium resistance that
were not measured by the growth rate phenotype.
Another approach to evaluating the functionality of these hizr-1 target genes is to analyze
the hizr-1(lf) mutant strain that lacks activation of all these genes. Whereas hizr-1(lf) mutants are
dramatically hypersensitive to high zinc toxicity, hizr-1(lf) mutants were not hypersensitive to
cadmium toxicity and actually were slightly resistant. These results suggest that hizr-1 is not
necessary for cadmium resistance, and that activation of hizr-1 may even promote vulnerability
to high levels of cadmium. These results are consistent with the model that cadmium hijacks the
high zinc response and do not support the model that hizr-1 evolved as a cadmium receptor to
promote cadmium tolerance.
Why are hizr-1(lf) mutants slightly resistant to cadmium toxicity? One possible
interpretation is that cadmium activates the high zinc homeostasis response, which reduces the
level of zinc thereby causing a zinc deficiency that contributes to cadmium toxicity. This process
is referred to in the field of metal biology as conditioned deficiency. Studies of high zinc toxicity
in humans suggest that some of the signs, symptoms, and phenotypes actually arise from
conditioned copper deficiency 268. If cadmium causes conditioned zinc deficiency, then
supplemental zinc might ameliorate cadmium toxicity. Power and Pomerai reported that
cadmium-induced Beta galactosidase activity was reversed by supplemental zinc 34. Further,
while a zinc:cadmium mixture did not affect mortality of worms, additional zinc rescued the
behavioral effects of cadmium toxicity 269. Here we exposed animals to combinations of
supplemental zinc and cadmium. In general, toxicity was additive. However, in some cases low
levels of zinc slightly increased growth of cadmium exposed animals. These observations
suggest that cadmium exposure may cause zinc deficiency, which might contribute to cadmium
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toxicity. However, supplemental zinc may blunt cadmium toxicity for multiple reasons, such as
competing with cadmium for entry into the organism or binding sites on proteins.
For about 70% of the 127 cadmium-activated genes, the hizr-1 gene was not necessary
for activation. This group included multiple heat shock genes such as hsp-16.48 (46-fold) and
hsp-16.1 (29-fold). Although our data do not identify the mechanism of activation of these genes,
we speculate they are activated by stress response pathways that detect molecular or cellular
damage caused by cadmium exposure. To evaluate the function of these activated genes in
resistance to cadmium toxicity, we analyzed a selection of strong loss-of-function or null
mutations. Most of these mutant strains were not significantly different compared to wild type.
These results suggest that these genes do not play a major role in cadmium resistance, and their
activation in response to cadmium is unlikely to significantly blunt the toxic effects of cadmium.
It is possible that these genes play redundant functions or minor roles in cadmium resistance that
were not measured by the growth rate phenotype.

4.5.3 Parallel and shared pathways for zinc and cadmium detoxification
Previous studies have identified two pathways that play important roles in promoting cadmium
resistance: the phytochelatin pathway and the mek-1/sek-1 stress resistance pathway. Vatamaniuk
and colleagues reported that the pcs-1 and hmt-1 genes promote cadmium resistance 80,82–84,125.
pcs-1 encodes a phytochelatin synthase that catalyzes the formation of phytochelatins from
glutathione monomers; phytochelatins are proposed to directly bind cadmium and thereby
promote detoxification. hmt-1 encodes a transporter that is proposed to export cadmium-bound
phytochelatins. Loss-of-function mutations in pcs-1 or hmt-1 cause dramatic hypersensitivity to
cadmium toxicity, which we confirmed here using the growth rate assay. These genetic results
support the model that phytochelatins bind and detoxify cadmium. Neither pcs-1 or hmt-1
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transcripts were strongly activated by cadmium exposure, suggesting this pathway is not
cadmium regulated at the level of transcription; it is possible the pathway is regulated at another
level such as increased synthesis or decreased degradation of phytochelatins 116. To analyze the
metal specificity of these genes, we analyzed high zinc resistance. pcs-1(lf) and hmt-1(lf) mutants
were only slightly hypersensitive to high zinc toxicity. Furthermore, these mutations did not
enhance the hypersensitivity to high zinc toxicity caused by the hizr-1(lf) mutations. These
results suggest the phytochelatin pathway is relatively specific for cadmium resistance and does
not promote zinc resistance in C. elegans. Similar experiments in Arabidopsis thaliana have
shown a major role for phytochelatins in cadmium detoxification as well as a role in zinc
detoxification, though the increase of phytochelatin synthesis is greater following cadmium
exposure 270,271. Differences between Arabidopsis and C. elegans could arise from evolutionary
divergence in the protein structure of phytochelatin synthase or technical and biological
differences in the assays used to measure sensitivity. Arabidopsis thaliana phytochelatin
synthase also has a non-catalytic immune function that has not yet been observed in C. elegans
259

.
The mek-1/sek-1 signaling pathway promotes resistance to multiple stresses, such as

starvation, metal ions, and pathogens 48,89,90,93,261,262,272,273. These genes encode MAP kinase
kinases that participate in a signaling pathway that ultimately influences transcription. Mizuno et
al. 93 reported that mek-1(lf)/sek-1(lf) mutants are hypersensitive to cadmium toxicity, suggesting
this pathway plays a protective role. We confirmed that mek-1(lf)/sek-1(lf) mutants displayed
strong hypersensitivity to cadmium. To analyze the specificity of this pathway, we analyzed high
zinc resistance. mek-1(lf)/sek-1(lf) mutants were strongly hypersensitive to high zinc toxicity.
Furthermore, these mutations enhanced the hypersensitivity to high zinc caused by the hizr-1(lf)
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mutations; this additive phenotype suggests the mek-1/sek-1 signaling pathway functions in
parallel to the hizr-1 pathway. These results suggest the mek-1/sek-1 pathway promotes cadmium
and zinc resistance, perhaps by a similar mechanism.
The hizr-1(lf) mutants display dramatic hypersensitivity to zinc toxicity, suggesting
activation of hizr-1 target genes is critical for high zinc resistance. Two key targets of hizr-1 are
the zinc transporters CDF-2, which sequesters zinc in lysosome-related organelles, and TTM-1B,
which transports zinc across the apical membrane of intestinal cells 70,146. The hizr-1(lf) mutation
did not cause hypersensitivity to cadmium toxicity. Furthermore, the hizr-1(lf) mutation did not
enhance the hypersensitivity of hmt-1(lf) or mek-1(lf)/sek-1(lf) mutants to cadmium exposure.
The hizr-1(lf) mutation did enhance the hypersensitivity of the pcs-1(lf) mutant to cadmium. In
addition, a double mutation of mtl-1 and mtl-2 enhanced the hypersensitivity of the pcs-1(lf)
mutant to cadmium. This might indicate that hizr-1 acting via the target genes mtl-1 and mtl-2
can promote cadmium tolerance in a manner that is redundant with pcs-1. Alternatively, this may
reflect nonspecific sickness of these double and triple mutant strains. Overall, these results
indicate that hizr-1 is relatively specific for zinc resistance.
These studies suggest a new framework for understanding organismal resistance to high
zinc and cadmium (Figure 4.7B). HIZR-1 specifically promotes resistance to high zinc by
activating zinc transporters that sequester or excrete excess zinc, and HIZR-1 is directly
regulated by zinc binding. Cadmium can also bind and activate HIZR-1, but HIZR-1 is not
effective at cadmium detoxification, perhaps because these CDF family transporters cannot
utilize cadmium as a substrate. The phytochelatin pathway specifically promotes resistance to
cadmium; PCS-1 catalyzes phytochelatin synthesis, and cadmium directly binds phytochelatins
resulting in detoxification. This pathway does not contribute to high zinc resistance. The mek114

1/sek-1 signaling pathway promotes both high zinc and cadmium resistance. It may sense
damage caused by these stressors and activate transcripts that lead to damage control. Further
studies are necessary to determine the effectors of this pathway that relate to the damage caused
by cadmium or high zinc.

4.6 Summary of Methods
Detailed methods are described in the Supplementary Materials and Methods in SI appendix. C.
elegans strains were exposed to metals using Noble Agar Minimal Medium (NAMM). Mutant
and transgenic strains utilized in these experiments are described in SI appendix, Table S10. To
identify cadmium-regulated genes, we used literature searches and experimental approaches to
compile a list of candidate genes. To measure transcript levels of the 449 unique candidate
genes, we used the method of qPCR. To analyze expression of promoter fragments containing
the HZA enhancer, we performed fluorescence microscopy using established methods 110,113. To
monitor nuclear localization of HIZR-1, we analyzed hizr-1(am286); HIZR-1(1–412 WT)::GFP
transgenic animals as described previously 110. We purified GST fusion proteins using a pGEX
expression system and a Glutathione resin as described previously 110. We measured metal
binding to HIZR-1 as described previously 110. Growth rate was analyzed as described previously
starting with animals at the L1 larval stage 110. Most data were analyzed utilizing the two-tailed
Student’s t test of samples with unequal variation.
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Chapter 5: Future Directions
As with any study, some questions are answered but many more questions surface. Below, I
attempt to illustrate some of the directions that future research might follow to build on the work
herein presented.

5.1 Protein regulation of phytochelatins and phytochelatin
synthase in C. elegans
Cadmium is a particularly toxic substance requiring only a tenth of the concentration of
physiological zinc to inhibit growth in C. elegans. And yet, C. elegans is able to grow and
develop in micromolar concentrations of cadmium. Phytochelatin synthase is an enzyme that
oligomerizes glutathione monomers to create phytochelatins. The metal-binding thiol group of
glutathione is retained and multiplied in phytochelatins creating a more effective metaldetoxifying agent.
It was previously described that the phytochelatins synthase gene pcs-1 is necessary for
cadmium detoxification in C. elegans, and I reproduced that the loss of function of pcs-1 is
exceptionally hypersensitive to cadmium exposure 125(See 4.4.9). As yet, there is no other single
mutant that is more hypersensitive to cadmium exposure. In contrast, I identified that the
transcriptional activation of pcs-1 in response to cadmium exposure is quite weak. Since
phytochelatins are essentially thiol-rich metal-binding agents produced by an enzyme, it’s quite
possible that the enzyme activity is a more efficient regulatory mechanism for boosting
phytochelatins in response to a heavy metal exposure. The lack of transcriptional regulation and
the hypothesized enzymatic regulation become more reasonable when we recall that pcs-1
mutants are not hypersensitive to zinc. These observations suggest that perhaps cadmium
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exposure is sensed to the phytochelatin synthase enzyme driving an increased production of
phytochelatins to detoxify cadmium.
Many future experiments are possible with phytochelatins synthase. Are there residues of
PCS-1 that bind cadmium with higher affinity than other metals? Do other toxic metals bind and
activate PCS-1? These questions could be answered though site-directed mutagenesis studies. A
tagged protein could be engineered for protein purification and in vitro binding studies to
identify the binding affinities of different metals to PCS-1. Metal-binding residues of PCS-1
could be mutated individually and in groups, the resulting variants could be assayed for changing
affinities. Variants that eliminate metal-binding could be CRISPRed into the native locus of pcs1 to determine functionality of the residue in cadmium detoxification.
Since transcription is likely not the main regulatory mechanism for pcs-1, the production
of PCS-1 and phytochelatin antibodies would allow for the study of translation and enzymatic
activity as potential regulatory mechanisms.

5.2 Humanized worms to study chronic, low cadmium
exposures
One of the repeated criticisms of this work has centered on the differences between the acute
cadmium exposure in C. elegans used for my studies and the chronic, low-dose cadmium
exposures that humans face in our post-industrial environment. The dose of cadmium in the agar
plates that inhibits growth in larval worms is above 1 µM. While it’s unclear, as yet, how much
of the cadmium from the agar is available to and entering the worm, it is likely less than 1 µM.
The dose of cadmium that humans receive from air, drinking water and food intake varies by
smoking status, condition of the local drinking water, and the cadmium content of the food. In
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polluted areas, human cadmium intake could be higher, but the chronic dose of an average
person is unlikely to rise above one micromole/day. Considering the vast differences in size,
reviewers’ criticisms of the discrepancy in cadmium concentrations are well-founded.
As described previously, pcs-1 mutants are hypersensitive to cadmium, and pcs-1 has no
known ortholog in humans. As such, a pcs-1 mutant which lack a functioning phytochelatin
synthase could be considered more human-like. pcs-1 mutants are also much more susceptible to
cadmium with concentrations above 100 nM inhibiting larval development. I’ve also shown that
the sensitized, humanized pcs-1 background uncovers cadmium phenotypes of other genes such
as the metallothioneins and hizr-1. In C. elegans a study of the pcs-1 mutant could identify new
mechanisms for cadmium detoxification. To generate these leads, I propose a clonal forward
genetic screen to identify mutants that are hypersensitive to cadmium when compared to the
already hypersensitive pcs-1 parent strain. The pcs-1; hizr-1 and pcs-1; mtl-1 mtl-2 strains could
serve as positive controls for this screen.
One challenge of comparing chronic exposures in humans to chronic exposures in C.
elegans is that worms have weeks-long lifespans compared to the decades-long lifespans of
humans. One way to get around this is to perform multi-generational exposure assays. I piloted
this assay using a transgenic worm including an extrachromosomal array expressing GFP from
the mtl-1 promoter. After 3 generations of worms exposed to nanomolar concentrations of
cadmium, I observed GFP expression in the intestines of F2 worms. I propose converting the
mtl-1p::gfp extrachromosomal array into an integrated strain and crossing the pcs-1 deletion
allele into this integrated strain. I predict that this construct would allow phenotyping of animals
at sub-nanomolar concentrations of cadmium which would be comparable to chronic human
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exposure conditions. Such a strain could be of use to toxicologists interested in studying
cadmium and potentially other heavy metal exposure paradigms.

5.3 hizr-1 independent transcriptional response to cadmium
exposure in a pcs-1 background
One of the perplexing observations that I made was the increased hypersensitivity to cadmium
displayed by the pcs-1; hizr-1 double mutant. The cadmium dose-response curve of hizr-1
mutants is indistinguishable from wild-type animals. If anything, at high cadmium exposures,
hizr-1 mutants are slightly resistant to cadmium. As such, I expected the pcs-1; hizr-1 double
mutant to be dramatically resistant when compared to the pcs-1 mutant. However, the opposite
was the case: pcs-1; hizr-1 double mutants are much more sensitive to cadmium. Generating the
pcs-1; mtl-1 mtl-2 triple mutant strain which includes just two hizr-1 target genes replicated the
increased hypersensitivity to cadmium. However, there are many genes that are activated by
cadmium and it remains to be seen if all these genes are redundant with pcs-1 for their cadmium
detoxification function.
I propose performing transcriptional analysis of pcs-1 mutants exposed to cadmium
following a high dose/short duration exposure paradigm and comparing cadmium activated
genes to the cadmium activated genes of wild-type animals. Then, a reverse genetics screen
could be performed by crossing the pcs-1 deletion allele into deletion or presumed loss-offunction alleles of overlapping cadmium-activated genes. Some of these genes would likely be
hizr-1 targets that would presumably be dependent on hizr-1 for their activation. While mtl-1 and
mtl-2 double mutants phenocopied the hizr-1 cadmium phenotype, it would be interesting to see
if any other hizr-1 dependent genes could also phenocopy the hizr-1 phenotype.

119

Of course, many of the genes are not hizr-1 dependent, and it remains a possibility that
these genes are not activated by cadmium directly, but rather indirectly as a response to the
cellular damage caused by cadmium. These genes may be redundant with each other, but if an
individual gene is responding directly to cadmium, it may be possible to see increased
hypersensitivity in a pcs-1 sensitized background. I predict that mutating damage response genes
in a sensitized background would further sensitize the animal to cadmium.
These assays would have the potential to identify novel factors with a genetic function in
cadmium detoxification. There is the potential limitation that mixing double mutants could just
make a sick animal sicker. This is not as serious a concern since many of the single mutants of
cadmium-activated genes are indistinguishable from wild-type suggesting that in a wild-type
background, these mutants are not demonstrably sick to begin with.

5.4 Metal binding residues of HIZR-1
One of the aims of my thesis proposal as well as the focus of my successful fellowship proposal
was to increase understanding of how metals bind and activate HIZR-1. As such, one of my great
disappointments has been the lack of progress I made in this arena. Early in my graduate studies,
I performed protein purifications and competitive binding assays to show that cadmium binds the
ligand-binding domain of HIZR-1 with similar affinity to zinc. The next step was to optimize
HIZR-1 purification for crystallization experiments and complimentary spectroscopic methods to
establish the chemistry of zinc binding sites. To this end, I had made the acquaintance of Thomas
V. O’Halloran at Northwestern University who is a leader in the bio-inorganic chemistry of zinc.
We were in the preliminary stages of our collaboration and I was planning a weeks-long trip to
Chicago for the Summer of 2020 when the pandemic began and lockdowns commenced. As
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restrictions begin to lift, the O’Halloran lab is now transitioning to Michigan State, and this
exciting opportunity is still unrealized.
While crystal structures of full-length HIZR-1 bound and unbound to zinc and the HZA
would be ideal for defining which residues bind zinc in the ligand binding domain, even
identifying the stoichiometry of zinc binding would be a meaningful step forward. In the process,
an assay for HIZR-1 zinc binding may be useful in site-directed mutagenesis studies to confirm
or identify specific residues that bind zinc and confer activation of HIZR-1.
While it is likely that cadmium binds and activates HIZR-1 through the same amino acid
residues as zinc, it’s also possible that cadmium binds alternative sites that partially activate
HIZR-1. This slight change in HIZR-1 confirmation may explain why some genes are HIZR-1
dependent under zinc exposure or cadmium exposure but not both zinc and cadmium exposure.
Therefore, it would also be interesting to perform crystallographic or spectroscopic experiments
of cadmium bound HIZR-1.

5.5 Identifying a human ortholog of HIZR-1
Another criticism of grant proposals related to this work has been the lack of a clear human
ortholog of HIZR-1. HIZR-1 is the central regulator of the transcriptional response to high
dietary zinc in worms, and HIZR-1 is highly related to human nuclear receptors. Humans have
many nuclear receptors, and a large subset of these have no known ligand and are therefore
classified as orphan receptors. I hypothesize that transcriptional activation in response to high
zinc may be a conserved function of a human orphan receptor. Understanding the homeostatic
response to high zinc in humans is a critical priority for improving human health. I used human
cultured cells to analyze the transcriptional response and function of proteins in the response to
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high zinc (See Appendix 1). These experiments have
the potential! to establish new paradigms for zinc
sensing in humans and the role of nuclear receptors in
metal biology.
A chimeric Gal4::HIZR-1 protein can confer
zinc-responsiveness in human cells. It remains to be
tested whether chimera of human nuclear receptor
ligand-binding domains could show an equivalent
result. I propose testing the ligand-binding domains
of all human nuclear receptors, prioritizing them
according to the following criteria. 1) Of the 48
human nuclear receptors represented on UniProt274,
the ligands of about 20 have been determined209,275.

Alignment
E value
C and H %

Gene Name

NR Name

COUP-TFA

NR2F1

5.0E-05

5.3

COUP-TFB

NR2F2

9.0E-05

5.4

HNF4G

NR2A2

5.0E-04

4.6

HNF4B

NR2A3

5.0E-04

4.6

TR2B

NR2C2

4.0E-03

3.2

MCR

NR3C2

1.6E-02

3.5

EAR-2

NR2F6

1.9E-02

2.9

PNR

NR2E3

2.1E-02

4.9

PNR

NR2E3

2.9E-02

4.5

LXRB

NR1H2

4.2E-02

2.3

Table 5.1: Priority list of human orphan
nuclear receptors. Ten human orphan
nuclear receptors ordered by alignment with
HIZR-1 and percent of sequence coding a C
or H. I performed protein blast alignments of
HIZR-1 ligand-binding domain sequence
(residues 101-413) against the ligandbinding domains of each human nuclear
receptor. Alignment E value = the likelihood
that the alignment arose by chance. C and
H % = the number of cysteine and histidine
residues in the sequence divided by the
length of the ligand-binding domain
sequence * 100.

First, I prioritize the 30 orphan receptors for further analysis. 2) I prioritize receptors with higher
sequence similarity as shown by protein alignment software. 3) HIZR-1 contains a relatively
high number of histidine and cysteine residues in the ligand-binding domain. I prioritized nuclear
receptors enriched for histidine and cysteine residues that might coordinate zinc (Table 5.1).
Following this priority ordering, I propose using cloning strategies to generate plasmids using
pBE1 as vector that encode the ligand-binding domain of each orphan receptor fused to the Gal4
DNA-binding domain. Co-transfection of HEK293 cells with a plasmid that encodes the
transcription factor, a plasmid that encodes the UAS-driven Firefly luciferase, and a plasmid that
encodes Renilla luciferase driven by a basal promoter to normalize for transfection efficiency. To
investigate zinc-mediated regulation, zinc and pyrithione will be added to the culture medium.
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The HIZR-1 LBD::Gal4 fusion protein can be used as a positive control to monitor the cellular
response to zinc. These assays can be quantified by determining the average expression of three
biological replicates.
Many mammalian proteins have been demonstrated to functionally substitute for worm
proteins. The Kornfeld lab previously demonstrated that mammalian ZnT-1 expressed in worms
could functionally substitute for CDF-1, since it rescues the cdf-1(lf) mutant phenotype157. If a
human receptor responds to high zinc in cultured cells, then that human nuclear receptor may
function in worms to respond to zinc. Plasmids can be generated that express the nuclear receptor
fused to GFP under the control of the hizr-1 promoter. These plasmids can be used to generate
transgenic worms expressing this protein in the hizr-1(lf) mutant background. To measure
protein function, rescue of hizr-1(lf) mutant phenotypes including activation of target genes in
response to zinc and improved survival on high dietary zinc can be assayed. By monitoring the
expression levels of the human protein, it may be possible to determine if the human protein
translocates to the nucleus in response to high dietary zinc using fluorescence microscopy.

5.6 Cadmium import and export mechanism
Cadmium has an abnormally long biological half-life in humans with some estimates suggesting
that a half-life measured in decades 276,277. While it is clear that cadmium can find its way into
cells and tissues, cadmium is much slower in making its way out of cells. The problem at bottom
remains that the mechanisms by which cadmium enters and exits cells remains unclear. hmt-1 is
second only to pcs-1 in its hypersensitivity to cadmium exposure. As such, several studies have
deepened our knowledge of hmt-1 in the response to cadmium. However, transport studies have
not been performed and the mechanism of HMT-1 transport of cadmium would make a
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significant contribution to our understanding. Calcium and zinc are both chemically similar to
cadmium and so it’s possible that calcium and zinc transporters may also transport cadmium.
I propose a reverse genetic approach to determine which transporters confer cadmium
hypersensitivity. One limitation to these studies are that loss of transporter function may make
animals sick under normal laboratory conditions making it difficult to determine if cadmium
exposure makes animals sicker because of the direct effect of cadmium exposure, some
secondary effect of cadmium damage, or complex effects that arise from interrupted metabolism
in the mutant. Alternatively, if loss of a transporter that is responsible for cadmium import has a
protective effect under cadmium exposure, these animals may demonstrate resistance to
increasing concentrations to cadmium. It’s hoped that forward genetic screens described above
may identify zinc or calcium transporters which would further validate the reverse genetics
approach to identify any transporters of consequence.
There are important limitations to consider when working with transporters. In vitro
assays can be especially helpful for identifying which transporters are able to transport cadmium
or other ions, but because of the complexities of cellular systems, what happens in vitro may not
replicate what happens in vivo.

5.7 Function of metallothioneins
Metallothioneins are small, cysteine-rich proteins that bind metals and are transcriptionally
activated by a variety of stressors including heavy metals, heat, oxidative stress, and starvation.
Metallothioneins were first discovered in studies of equine cortex where they were found in a
cadmium-rich, sulfur-rich aliquot. As such, the prevailing theory has been that metallothioneins
function by binding heavy metals, particularly cadmium, to detoxify excess metals or keep the
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cytoplasmic metals balanced as a metal buffer system. Considering that metallothioneins are
found in many organisms across the tree of life, and that cadmium exposure has dramatically
increased only recently since the industrial revolution of the 18th and 19th century, it may be too
early to definitively claim that evolved function of metallothioneins is predominantly as a
cadmium binder and buffer. What might these proteins have been doing before the rise in
environmental cadmium concentrations at the advent of industrialization and modern mining
practices? It seems likely that another (if not a primary) function for metallothioneins is still to
be discovered.
One recent finding of particular interest to metallothioneins identified new putative
metallothioneins in C. elegans to complement the 2 characterized genes (mtl-1 and mtl-2). An
important next step is to develop deletion mutants for all these potential metallothioneins and to
assay the mutants individually and as a quadruple mutant for sensitivity to all the stressors that
activate metallothionein expression: heavy metals, heat, oxidative stress, and starvation. Do these
mutants have phenotypes in one or all of these stressors? I suspect that a yet unidentified
function of metallothioneins will be discovered.
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Appendix 1: Zinc:pyrithione activates
metallothioneins and nuclear receptors in
human cell culture
This appendix includes preliminary data that may provide the nucleus for a future publication.

A1.1 Abstract
Zinc is an essential micronutrient that plays many roles in biology. Therefore, the regulation of
zinc homeostasis is an essential function of any organism. While zinc transporters have been
implicated in many human diseases, a mechanism for the regulation of these transporters and
sensing zinc levels in the cell remains tentative. Pyrithione is a zinc binding molecule that
enables zinc to diffuse across the membrane. We found that zinc:pyrithione mixtures activated
metallothioneins more robustly and at lower concentrations than either compound on their own.
The recent discovery that the C. elegans nuclear receptor, hizr-1, could bind zinc and activate
transcription of zinc homeostasis genes led to the hypothesis that a human nuclear receptor may
bind zinc as a ligand to sense cytoplasmic zinc concentrations. We developed exposure
conditions to screen human nuclear receptors for activation by zinc and developed a reporter
system to test whether nuclear receptors bound zinc and activated transcription of a luciferase
reporter.

A1.2 Introduction
Zinc is an essential metal for all life on earth. Zinc plays a role in many physiological processes
at the active site of enzymes, at the DNA-binding domain of transcription factors, and at
coordinating sites of structural proteins. These essential processes rely on a steady level of
cytoplasmic zinc, while environmental and dietary zinc levels vary. However, zinc is not alone
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as a physiological metal in the cell. The mechanisms by which cells sense zinc levels as opposed
to other metals and how the cell responds to correct deficiencies or excesses remains poorly
understood.
Importantly, ionic zinc cannot diffuse across the bi-lipid cell membrane. Pyrithione is a
common additive to many modern goods that binds zinc and allows zinc to cross cell
membranes. This diffusion-based process gets around the regulated zinc transporters typically
responsible for controlling cytoplasmic zinc levels.
While our understanding of human zinc transporters is remarkably advanced, the
mechanisms for sensing cytoplasmic zinc levels and mounting a response remain less developed.
Recently, hizr-1, a C. elegans nuclear receptor, was discovered to respond to high zinc
conditions by binding zinc and activating zinc transporters to reduce cytoplasmic zinc levels.
Nuclear receptors are transcription factors with two modular domains: a DNA-binding domain
and a ligand-binding domain. The first nuclear receptors discovered were endocrine hormone
receptors such as the estrogen receptor278. More recently, fatty acid ligands were accepted as
nuclear receptor ligands279. Hormones or lipids bind to the ligand-binding domain, resulting in
nuclear translocation and transcription of genes that mediate the response. For large animals with
endocrine systems, these internal hormonal messages are essential for conveying whole-body
developmental programs and allow for control of these processes. However, simple organisms
that lack endocrine systems also have nuclear receptors209. This begs the question: why do these
simple organisms have nuclear receptors if they do not express hormones? One likely answer is
that primordial nuclear receptors responded to exogenous chemicals, such as nutrients or toxins.
Furthermore, a large number of nuclear receptors have no known ligand, and thus are called
orphan receptors. About half of the human nuclear receptors remain orphan receptors. While
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several human genes have been studied as zinc sensors and receptors, these reports do not
implicate nuclear receptors in zinc sensing186,280–287. The function of nuclear receptors in sensing
and responding to environmental and dietary metal concentrations is a novel avenue for research
that may provide orphan receptors with activating ligands.

A1.3 Results
A1.3.1 Zinc and Pyrithione synergistically activated MT1E in Hek293T cells
In order to identify experimental exposure conditions, concentrations of zinc and pyrithione were
tested for their ability to activate metallothionein transcription without causing cell death during
exposure. Cells were plated in 6-well plates and grown to 70% confluence. Then cell media was
replaced with Opti-MEM and different concentrations of supplemental zinc (Fig. A1.1A),
pyrithione (Fig. A1.1B) or mixtures of each (Fig. A1.1C) and exposed for 4 hours whereupon
RNA extraction was performed with TRIzol. At 1000 µM supplemental zinc, some floating cells
were observed, but not at lower concentrations. To identify optimal conditions for
metallothionein expression, extracted RNA from cells exposed to each condition was reverse
transcribed and qPCR analysis was performed for the metallothionein gene MT1E using GAPDH
as the normalization gene. MT1E was activated 6-fold at 100 µM supplemental zinc, and no
significant activation was observed at lower concentrations (Fig. A1.1A). Pyrithione caused cell
death at lower concentrations than supplemental zinc, with some floating cells observed at 100
µM pyrithione. MT1E was activated 3-fold at 10 µM pyrithione, and no significant activation
was observed at lower concentrations (Fig. A1.1B). Using mixtures of zinc and pyrithione at
concentrations that showed no cell death and no significant MT1E activation, some synergistic
effects were observed. At 1 µM pyrithione and 10 µM supplemental zinc, all cells were floating
after 4 hours, and cells under these exposure conditions were not assayed further. At 1 µM
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pyrithione and 1 µM supplemental zinc, MT1E was activated 5-fold. At 0.1 µM pyrithione and
10 µM supplemental zinc, MT1E was activated 12-fold while lower concentrations of zinc with
0.1 µM pyrithione had no significant activation (Fig. A1.1C). Interestingly, cells exposed to 0.1
µM pyrithione and 10 µM supplemental zinc showed no gross signs of cell death after 4 hours of
exposure. We determined that a mixture of 0.1 µM pyrithione and 10 µM supplemental zinc was
the optimal exposure condition for maximizing metallothionein expression. We concluded that
this pyrithione:zinc mixture might also be the optimal exposure for identifying factors of the zinc
homeostasis response.

A1.3.2 Pyrithione:Zinc activated metallothioneins and nuclear receptors
Metallothioneins are small, cysteine-rich proteins that are transcriptionally activated by many
stressors including heavy metal stress. Cells exposed to 0.1 µM pyrithione and 10 µM
supplemental zinc, activated many metallothioneins with fold changes from 2000-fold (MT1G)
to 3-fold (MT1A) (Fig. A1.2A). Fold changes from qPCR analysis can be misleading as a 2000fold change may be viewed as more consequential than a 3-fold change, but this fold change is
also dependent on the abundance of the transcript in the basal state. For 1 copy to of a transcript
to change 2000 fold, only 2000 transcripts need be produced, where as if the transcript is
abundant in the basal state than a 3-fold change from 1,000,000 transcripts can be rather more
consequentially. What is clear from this screen of metallothioneins is that many metallothioneins
increase when compared to the basal state.
Of particular interest was the response of human nuclear receptors to 0.1 µM pyrithione
and 10 µM supplemental zinc. Nuclear receptors have been of interest to many fields as
important receptors for hormones and growth factors 288. Only recently have nuclear receptors
been implicated in metal biology 110. qPCR primers were obtained from each of the human
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nuclear receptors, and we performed qPCR for all human nuclear receptors. We found that two
NRs were activated 2-fold (NR1C3 and NR5A1) and one NR was repressed 2 fold (NR2F1).
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These results suggested that these nuclear receptors may have a function in zinc homeostasis.
However, the lack of a metallothionein-like activation of nuclear receptors should be expected.
NRs are transcription factors many of which function in responses to endocrine hormones and
lipid signals. Drastic changes in NRs may have much more drastic effects on other
transcriptional changes. This suggests that if any NRs are bound and activated by zinc, that the
NRs themselves are not dramatically transcriptionally regulated.

A1.3.3 Zinc responsiveness was conferred through a chimeric Gal4::HIZR-1
protein in human cells
While transcriptional response may not be a good indicator of NR function in zinc homeostasis,
replicating the function of NRs in a reporter system would be closer to their function in vivo.
Identifying a human nuclear receptor that binds and is activated by zinc is of utmost interest to
the authors. The C. elegans protein HIZR-1 is the first nuclear receptor shown to bind zinc as a
ligand and drive transcription of zinc homeostasis genes. We used this knowledge to engineer a
chimeric protein of the ligand binding domain of HIZR-1 and the DNA-binding domain of the
yeast protein Gal4. Hek293T cells were co-transfected with a plasmid expressing this chimeric
protein and a plasmid containing the Gal4UAS promoter element upstream of the Firefly
Luciferase gene. As a transfection control, a third plasmid containing the Renilla Luciferase gene
was also co-transfected (Fig A1.3A). When these transfected cells were exposed to 5 or 15 µM
supplemental zinc in Opti-MEM for 4 hours, the Firefly luciferase activity normalized to Renilla
luciferase activity was 2.5-fold higher than the cells that were not exposed to zinc.
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A1.

4 Discussion
A1.4.1 Which cell types are most informative for zinc homeostasis?
Thus far, all studies have been carried out in Hek293T cells that have been selected for lentiviral
expression. While these cells are named for their isolation from kidney cells, it’s possible that the
cell of origin is neuronal. However, the ease of transfection made this cell-type desirable for
preliminary experiments. There are many cell-types that could be more relevant to zinc
homeostasis. Cell-types of the digestive tract are of particular interest as these cells are the first
line of defense for zinc exposure from food and drink in the diet. Storage and detoxifying
systems are also of interest since excess zinc would need to be sensed and excreted suggesting a
role for zinc homeostasis in the liver and kidney. Cell-types under consideration are CaCo-2 cells
(which originated from a Colon Cancer sample), HepG2 cells (from hepatocellular carcinoma),
and HuH-7 cells (also from hepatocyte carcinoma sample). Once the transfection assays have
become routine, it may also be of interest to acquire primary cell lines in an attempt to get closer
to the natural physiology of zinc homeostasis.

A1.4.2 Protein regulation rather than transcriptional regulation is more
informative for nuclear receptor effect on zinc homeostasis.
This study along with others has increased my appreciation for the more challenging studies of
protein regulation by western blot, protein expression, GFP fusions, and Luciferase assays.
While these studies are more labor-intensive, the results get directly at the functional element of
most biological phenomenon: the protein. When studying the effects of transcription factors on
target genes, the analysis of RNA by RT-qPCR is often informative such as was the case with
metallothioneins here. However, we studying the effects of the environment on the transcription
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factors themselves, RNA analysis may be less informative. In these cases, studies of the protein
give a different perspective that can inform the function of transcription factors.

A1.5 Methods
A1.5.1 Cell Culture
Cells were maintained on DMEM supplemented with 10% FBS every 2 days by Trypsin
passaging. Cells were plated on 75 cm2 Tissue Culture Flasks to reach 80% confluence in 2 days.

A1.5.2 Zinc and Pyrithione Exposure, RNA extraction and qPCR analysis
Cells were passaged into 6 well plates to reach 80% confluence after two days. 80% confluent
cells were exposed to pyrithione and/or zinc in OptiMEM or DMEM without FBS for 4 hours.
Following exposures in 6-well plates, media was removed and 1 mL of TRIzol was added to
each well. TRIzol was mixed by pipetting until cell solution lost viscosity suggesting cells had
been lysed. RNA was extracted as previously described (Earley et al. in revision). RNA was
reverse transcribed and resulting cDNA was analyzed by qPCR as previously described (Earley
et al. revision)

A1.5.3 Luciferase Assay
Cells were passaged into 96-well plates to produce 80% confluence following overnight
incubation. 80% confluent cells were transfected with plasmids using Lipofectamine 2000
transfection reagent. Cells were incubated overnight in transfection solution and then media was
removed and replaced with OptiMEM supplemented with zinc. After 4 hours, DualGlo lucerifase
reagents were added to wells according to manufacturer’s instructions. 96-well plate was read on
a plate reader.
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Appendix 2: The HZA promoter element is
necessary for bi-directional co-regulation of
neighboring metal-activated genes
This chapter presents a manuscript in preparation showcasing the use of new HZA deletion
alleles for cadmium-activated genes. My role in this manuscript was to design experiments,
perform experiments, analyze data, prepare figures, write the manuscript, and revise the
manuscript.

A2.1 Abstract
Transcriptional regulation is a complex mechanism by which genomic information is transcribed
in a coordinated fashion to maintain homeostasis in the face of environmental volatility. The
promoter region directly upstream of a gene is the most consistently influential regulatory
sequence for a gene, and understanding how promoters respond to environmental stimuli remains
a challenge. The architecture of promoter elements adds to the diversity and complexity of
transcriptional regulation. Zinc is a ubiquitous environmentally derived micronutrient essential
for all life. The High Zinc Activation (HZA) element is found upstream of zinc homeostasis
genes where it is bound by the zinc-activated HIgh Zinc nuclear Receptor (HIZR-1) in response
to high dietary zinc conditions in C. elegans. While bioinformatics allows for the prediction en
masse of potential promoter elements, the effect of any instance of a predicted HZA could be
functional or a false-positive. Here, we confirm the function of an HZA in the bi-directional coregulation of two adjacent genes. We show another example of an HZA that can regulate the
transcriptional response to dietary zinc.
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A2.2 Introduction
The modeling of the DNA double helix generated the field of molecular biology and the decades
long growth in our understanding of the transcriptional machinery that controls the regulation of
genes. The human genome project and whole genome sequencing of many organisms before and
since have given us a “parts list” for the machinery of every cell carrying that genome. More
recently, the rise in inexpensive sequencing technologies and qPCR reagents have facilitated an
explosion of transcriptional observations of any and all genes of interest. While these
developments have increased scientific knowledge and generated principles for moving forward,
the mechanisms dictating the exact responses of any given gene in any given cell remain
unpredictable if given the DNA sequence alone. While it is hoped that one day a precise
understanding of biology can be simulated from a given genomic sequence, many incremental
steps lie in between then and now. One of these incremental steps that has proven particularly
challenging is the means by which cells respond to external stressors and the resulting damage of
external stressors.
Previously, Roh et al. 113 identified an evolutionarily conserved High Zinc Activation
(HZA) element in the promoter regions of multiple genes that are induced by high dietary zinc
and cadmium 48. The prediction of the HZA at many other loci demonstrated an attempt to
identify one of the many regulatory elements upstream of a gene that dictate when and how
strongly that gene will be transcriptionally activated in response to a given stimulus, in this case
zinc or cadmium. The HZA enhancer is necessary for transcriptional activation of multiple genes
in response to high dietary zinc and sufficient to mediate the activation of a basal promoter in
response to dietary zinc and cadmium. Warnhoff et al. 110 discovered the HIgh Zinc activated
nuclear Receptor (HIZR-1), a nuclear receptor transcription factor that functions as the high zinc
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sensor and the master regulator of high zinc homeostasis. The ligand-binding domain of HIZR-1
binds zinc with high affinity, indicating that zinc is the ligand for this receptor. Zinc binding to
HIZR-1 triggers nuclear accumulation in intestinal cells, the site of the high zinc homeostasis
response. HIZR-1 directly binds the HZA enhancer and mediates activation of target genes,
including genes encoding the cation diffusion facilitator (CDF) transporters CDF-2 and TTM1B, which store and excrete excess zinc, respectively.
Roh et al. performed a bioinformatic analysis of promoter regions of first zinc- and then
cadmium-activated genes to produce a list of genes with predicted HZA sequences in their
promoter regions. Two of these predicted HZA elements have been confirmed experimentally
(Roh and Shomer). Using qPCR analysis of hizr-1 mutants exposed to cadmium, it was shown
that many of the genes with predicted HZA promoter elements were either not activated by
cadmium or were not dependent on hizr-1 for their activation, suggesting that the HZA
predictions require more information to update the prediction algorithm.
In this study we experimentally confirm a third predicted HZA by CRISPR deletion.
Interestingly, this confirmed HZA resides in the promoter region of two genes and co-regulates
the two genes bi-directionally.

A2.3 Results
A2.3.1 Genomic organization influenced regulatory control of cadmiumactivated genes that are adjacent in the genome.
Previously, we qPCR-validated hundreds of cadmium-activated genes (Earley et al. in revision).
Thanks to the understanding we gained from the complete sequencing of the C. elegans genome
and user-friendly resources at WormBase.org, we know that the C. elegans genome is relatively
compact and encodes about 20,000 genes 151. Therefore, we reasoned that in some cases,
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analyzed genes might be close together in the genome and might share regulatory control. To
investigate this possibility, we used visual inspection to identify examples where two or more
genes were in close proximity and displayed similar patterns of regulation. For example, mtl-2 is
a well-studied gene that encodes a C. elegans metallothionein 98,105,112. mtl-2 was activated 24fold by cadmium in wild-type animals. Cadmium-mediated activation required hizr-1, since hizr1(lf) mutant animals displayed only 0.5-fold activation (Figure A2.1A’). Most C. elegans
transcripts are transpliced to an SL1 or SL2 leader sequence, so the precise transcription start site
cannot be determined 289,290. The junction with the transpliced leader sequence defines the 5’ end
of exon 1, and we use this landmark to approximate the start of transcription. The gene T08G5.1
is adjacent to mtl-2 on chromosome V; the 5’ end of exon 1 of T08G5.1 is 359 bp from the 5’
end of exon 1 of mtl-2, and these genes are transcribed from opposite strands. Interestingly,
T08G5.1 was activated 220-fold by cadmium in wild-type animals. Cadmium-mediated
activation required hizr-1, since hizr-1(lf) mutant animals displayed only 1.8-fold activation
(Figure A2.1A’’). Thus, these two adjacent genes displayed strikingly similar regulation by
cadmium and dependence on hizr-1. According to the analysis of Roh et al. 113, this genomic
region contains an HZA enhancer: it is positioned in the promoter region of T08G5.1 (85 bp
from the 5’ end of exon 1) and in the promoter region of mtl-2 (274 bp from the 5’ end of exon
1) (Figure A2.1A). Thus, for these adjacent genes there is a correlation between the distance
from the HZA to the 5’ end of exon 1 and the magnitude of the activation by cadmium (Figure
A2.1A’’’).
Liao et al. 160 identified cdr-1 based on its strong activation by cadmium exposure, and
here we showed that cdr-1 transcript levels were 250-fold higher in WT animals exposed to
cadmium. Cadmium-mediated activation required hizr-1, since hizr-1(lf) mutant animals
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Figure A2.1: Examples of genomic regions with adjacent genes that displayed similar regulation by
cadmium and hizr-1. (A, B, C) Diagrams show genomic organization modified from WormBase version WS277:
the line represents DNA, numbers indicate genome coordinates in base pairs, the orange scale bar = 1 kb, the
yellow box is the position of the predicted HZA enhancer, and colored arrows indicate transcripts starting at the 5’
end of exon 1 (Colors indicate dependence on hizr-1 as previously described (Earley et al. in revision); white =
hizr-1 was not necessary for the regulation or baseline expression, dark blue = hizr-1 was necessary for regulation
but not baseline expression, medium blue = hizr-1 was necessary for regulation and baseline expression, light blue
= hizr-1 was necessary for baseline expression but not regulation, and black = not determined). (A’, A’’, B’, B’’,
C’, C’’, C’’’) WT and hizr-1(am286) mutant animals at the hizr-1 4 stage were exposed to 0 or 100 µM cadmium
for 4 hours. Transcript levels were determined by qPCR. Bars indicate average mRNA level in arbitrary units
(A.U.) for three biological replicates, and error bars indicate S.D.; values were normalized by setting the value for
WT with 0 µM cadmium to an average of 1.0 for each gene. Numbers in or above the bars are the ratio +Cd/-Cd.
Comparisons are shown as described in Figure 1 D-S. (A’’’, B’’’) Bars indicate fold change of mRNA levels
comparing WT animals exposed to cadmium or not exposed (+Cd/-Cd). Horizontal axis is the distance in bp from
the HZA enhancer to the 5’ end of exon 1.

displayed only 1.4-fold activation (Figure A2.1B’’). The adjacent gene on chromosome V,
F35E8.10, is transcribed in the opposite direction, and the 5’ ends of exon 1 of these two genes
are separated by 936 bp. F35E8.10 was activated 7-fold by cadmium in wild-type animals.
Cadmium-mediated activation required hizr-1, since hizr-1(lf) mutant animals displayed only
1.1-fold activation (Figure A2.1B’). According to the analysis of Roh et al. 113, this genomic
region contains an HZA enhancer: it is positioned in the promoter of cdr-1 (56 bp from the 5’
end of exon 1) and in the promoter region of F35E8.10 (880 bp from the 5’ end of exon 1)
(Figure A2.1B). Thus, the strong regulatory control of cdr-1 is echoed by weak regulatory
control of the adjacent gene (Figure A2.1B’’’). These examples suggest that proximity to the
HZA element might be a determinant of the magnitude of regulation mediated by cadmium and
HIZR-1.
Multiple heat shock protein genes are activated by cadmium in wild type, including hsp16.1 (29-fold), hsp-16.48 (45-fold) and hsp-16.11 (25-fold) that are clustered on chromosome V
(Figure A2.1C). For all three genes, hizr-1 was not necessary for cadmium-activation, and hizr1(lf) animals actually displayed significantly higher levels of activation. This appears to be a
genomic region where cadmium activated transcription is independent of hizr-1, and Roh et al.
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did not identify a predicted HZA enhancer in this genomic region. These results indicate there

is a hizr-1 independent regulatory mechanism that controls these neighboring genes. In addition
to these three examples, we identified 14 additional examples of genomic regions with
neighboring genes that displayed similar regulatory control (Supplemental Figures S1-4).

A2.4 Discussion
A2.4.1 Bi-directional activation of HZA/hizr-1 dependent genes by cadmium
and zinc
Operons are a common genomic feature in the tree of life, where the transcriptional machinery
transcribes multiple genes on the same strand of DNA to produce a multi-gene transcript. There
are various ways that organisms regulate operons by either translating multiple proteins from the
same transcript or post-transcriptionally splicing the multi-gene transcript into multiple
transcripts. In the case of genes that perform complementary functions, the operon has the
benefit of producing essentially the same number of transcripts of a set of genes so that resulting
proteins will be stoichiometrically balanced. However, operons may not be the only means by
which complementary genes are co-regulated. We found that adjacent genes that shared a
promoter region by virtue of encoding genes on complementary DNA strands and having
transcriptional start sites within several kilobases of one another, that these genes also showed
very similar expression patterns. For hizr-1 dependent genes, this observation was the rationale
for deleting HZA promoter elements to confirm that the HZA was regulating both of the adjacent
genes. Biophysically, this bi-directional co-regulation raises issues of where other
transcriptional machinery binds to the promoter region of these genes. The observation of
antisense long non-coding RNAs produced at many human loci suggests that bidirectional
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regulation may be yet another mechanism stumbled upon by evolution to regulate
complementary genes.
No gene is an island, every gene has a genomic neighbor and sometimes many neighbors.
In the prevailing model of transcriptional activation, pioneer transcription factors open chromatin
allowing other transcription factors to access the promoter elements that enable the RNA
polymerase complex to drive transcription. It’s further hypothesized that once the chromatin is
open, the act of transcription keeps the chromatin open for continued transcriptional activity. The
size of the C. elegans genome raises one potential problem for gene placement in the genome.
The C. elegans genome has roughly the same number of genes as the human genome, but the C.
elegans genome is 1/30 the size of the human genome. This compression of the genome occurs
through fewer introns and smaller intergenic regions. The smaller intergenic regions mean that
C. elegans genes often have neighboring genes within 1000 bps of the transcriptional start site
suggesting that these neighboring genes may share transcriptional regulatory controls. Of course,
the usefulness of transcriptional specificity depends on the function of the genes under regulatory
control. If the neighboring genes share complimentary functions, then a shared regulatory control
may be advantageous. Conversely, if neighboring genes perform antagonistic functions, then a
share regulatory control could be harmful. And finally, it’s possible that a neighboring gene has
no essential function and changing the regulatory control to suit only the essential neighbor gene
has no meaningful positive or negative effects on the animal. It’s also possible that genes can be
separated by genomic boundaries that dampen the effect of regulatory control over a larger field.
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A2.5 Methods
A2.5.1 General methods and strains
C. elegans strains were cultured at 20˚C on nematode growth medium (NGM) dishes seeded
with Escherichia coli OP50 unless otherwise noted 142. Metal exposure was performed using
Noble Agar Minimal Medium (NAMM) dishes to improve metal solubility 143. The C. elegans
Bristol N2 strain was used as wild type.

A2.5.2 Synchronization, metal exposure and qPCR analysis
3-6 L4 or young adult stage hermaphrodites were transferred to a fresh NGM dish and cultured
several days. Mixed-stage, unstarved animals, including many gravid adults, were washed off the
dish with 1 mL of M9. We added 200 µL of 5M NaOH and 400 µL of 2.5% bleach and used
microscopy to monitor dissolving worms and egg release. Eggs were pelleted at 2000xg, washed
four times with water, followed by addition of 1.2 mL M9 and cultured overnight with shaking.
To measure transcript levels, we used the method of qPCR. Forward and reverse
amplification primers for each gene are described in Table S1. RNA isolation and cDNA
synthesis were performed as previously described 110. To maximize the cadmium-specific
transcriptional response and limit the non-specific stress-response that results from metal
toxicity, we chose a high-dose/short-duration exposure. For example, cadmium exposure
decreases growth rate, so a short exposure time has the advantage of minimizing developmental
stage differences between the control and experimental animals. Adult hermaphrodites were
treated with bleach and cultured overnight in M9 buffer to synchronize progeny at the L1 stage.
These animals were cultured on NGM dishes. After ~2 days, inspection with a dissecting
microscope revealed that the vast majority of animals were synchronized at the L4 stage based
on morphology of the vulva, but a small number were more or less mature. Animals were
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washed and cultured on NAMM dishes with 0, 100 µM cadmium chloride or 100 µM
supplemental zinc chloride and seeded with concentrated OP50 E. coli for 4 hours. Animals were
collected by washing with M9 buffer, RNA was extracted using TRIzol (Invitrogen), and cDNA
was synthesized using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems)
or igScript™ First Strand cDNA Synthesis Kit (Intact Genomics) according to the
manufacturer’s instructions. Quantitative PCR (qPCR) was performed using a 7900HT Fast
Real-Time PCR system (Applied Biosystems) and the SYBR Green PCR Master Mix (Applied
Biosystems) following the manufacturer’s instructions. mRNA levels were calculated using the
comparative CT method 291. For all qPCR experiments, mRNA levels were normalized to ama-1,
which encodes the large subunit of RNA polymerase II. Based on the gene expression values, we
categorized cadmium-regulated genes in two major groups: 1) ‘cadmium-activated’ genes had an
average 2-∆∆Ct value of greater than 2 (double the transcript level of the gene without cadmium),
and the change was statistically significant based on three biological replicates (p value less than
0.05); 2) ‘cadmium-repressed’ genes had an average 2-∆∆Ct value of less than 0.5 (half the
transcript level of the gene without cadmium), and the change was statistically significant based
on three biological replicates.
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Appendix 3 Supplementation of NAMM with
glutathione and calcium protects against
cadmium exposure.
Minimizing exposure is the central tenet for prevention of heavy metal-related disease. However,
this is not always practical in many occupations and situations. As such, a method for
ameliorating the underlying disease symptoms of heavy metal exposure is desirable. For this
reason, I have tried a variety of “treatments” following or in conjunction with cadmium
exposure. One possible route of cadmium entry into the cell is via calcium or other divalent
cation transporter. As such, I exposed worms to calcium and magnesium before and after
cadmium exposure. Likewise, glutathione is a tripeptide molecule with a thiol component that
binds a variety of toxic substances. Considering that phytochelatins are formed by phytochelatin
synthase (pcs-1 in worms) synthesizing monomers of glutathione into a single molecule, I
hypothesized that glutathione may also prevent or ameliorate toxicity caused by cadmium
exposure. While these experiments remain in preliminary stages, the results thus far suggest that
calcium and glutathione have protective effects on cadmium toxicity in the worm.292
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